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SYT;oPSIS 

The purpose of t h i s  r e p o r t  i s  t o  c l a r i f y  t he  p r i n c i p l e s  of  sediment 

t r a n s p o r t a t i o n  and t o  summarize t h e  p r a c t i c e s  most commonly used i n  car -  

r y i n g  out  f l u v i a l  sediment  i n v e s t i g a t i o n s .  The r e p o r t  d e a l s  w i t h  t h e  

n e c e s s i t y  f o r  s tudy ing  sediment l oad  problems and p r e s e n t s  a  h i s t o r y  of  

e a r l y  sediment  measurements. Types of sediment t r a n s p o r t a t i o n  a r e  de- 

s c r i b e d  and an exp lana t ion  based on t h e  tu rbu lence  concept  is g iven  f o r  

t h e  v e r t i c a l  d i s t r i b u t i o n  of  suspended sediment. The g e n e r a l  p r i n c i p l e s  

involved i n  suspended sediment measurements a r e  t r e a t e d  a s  w e l l  a s  the  

p r a c t i c a l  a s p e c t s  o f  s e l e c t i n g  sampling p o i n t s  and o f  de t e rmin ing  t h e  

frequency of sampling. The p r i n c i p a l  types of suspended sediment samplers 

a r e  descr ibed ,  t h e i r  advantages and disadvantages a r e  d iscussed ,  and de- 

t a i l s  a r e  g i v e n r e g a r d i n g  sampler  d e s i g n s  which were developed a f t e r  a  

thorough s t u d y  of  e x i s t i n g  sampling equipment. D e s c r i p t i o n s  a r e  a l s o  

g i v e n  of methods used i n  t h e  measurement of m a t e r i a l  moving on o r  n e a r  

t h e  beds of s t r eams  and of  t h e  equipment used t o  o b t a i n  samples of t h e  

bed m a t e r i a l .  
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MEASUREMEI'JT OF THE 

SEDIMEDIT DISCHARGE OF STREAMS 

I. INTRODUCTION 

1. -Many hydraul ic  e n g i n e e r i n g  works 

have been b u i l t  on sediment-bearing s t reams i n  t h e  pakt wi thout  due con- 

s i d e r a t i o n  be ing  given t o  t h e  e f f e c t s  o f  s ed imen ta t ion  on t h e  l i f e  and 

u t i l i t y  of t h e  p ro j ec t s .  Unforeseen d i f f i c u l t i e s  i n  ope ra t ing  and main- 

t a i n i n g  t h e s e  engineering works have developed due t o  t h e  presence of  t h e  

sediment ,  and t h e  economic l i f e  f o r  many of them has been much s h o r t e r  

t han  an t i c ipa t ed .  As time goes on, more and more p r o j e c t s  a r e  expected t o  

expe r i ence  sed imenta t ion  problems because  of  t h e  t ime l a g  which o c c u r s  

be fo re  t h e s e  problems become evident  and  because of  t h e  increased  devel-  

opment of streams heavi ly  laden wi th  sediment. D i f f i c u l t i e s  a l r e a d y  en- 

countered have caused engineers  t o  cons ider  r i v e r s  not  on ly  a s  s t reams of  

water  but  a l so  a s  streams o f  sediment. 

The wa te r  d i scha rge  i n  t h e  p r i n c i p a l  r i v e r s  of t h e  world has  been 

measured f o r  many years  and adequate d a t a  a r e  gene ra l ly  a v a i l a b l e  t o  per- 

m i t  s a t i s f a c t o r y  ana lys i s  of t h e  hydrologic  and hydraul ic  c h a r a c t e r i s t i c s  

r equ i r ed  f o r  r i v e r  development. Co l l ec t ion  of corresponding informat ion  

r ega rd ing  t h e  q u a n t i t y  and c h a r a c t e r  of sediment d ischarge  has been neg- 

l e c t e d .  Only a  few i s o l a t e d  sediment  measurements were made p r i o r  t o  

about 1925, and t h e  importance of s ecu r ing  systematic  records  of sediment 

l o a d s  i n  s t r eams  commensurate w i th  t h e  p a r a l l e l  r e c o r d s  of w a t e r  d i s -  

cha rge  h a s  been s e r i o u s l y  c o n s i d e r e d  o n l y  w i t h i n  t h e  p a s t  few y e a r s .  
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I n  view of  t h e  inc reas ing  demand f o r  r e l i a b l e  d a t a  on t h e  sediment char- 

a c t e r i s t i c s  of  streams, it becomes increas ingly  important t h a t  instruments 

and methods be developed which w i l l  f a c i l i t a t e  c o l l e c t i o n  of  a c c u r a t e  

f i e l d  da t a .  With i t s  many r a m i f i c a t i o n s  i n t o  t h e  f i e l d s  of  water  power 

development, water  supply,  nav iga t ion ,  f l ood  c o n t r o l  and s o i l  conserva- 

t i o n , t h e  sediment problem makes i t s  impact i n  one way o r  another  upon the  

m a j o r i t y  of  humanity and thus  warran ts  a  thorough s tudy  by t h e  engineer-  

ing  profess ion .  

2. Federa l  coopera t ive  s tudy  of f l u v i a l  sediment problems--Recog- 

n i z i n g  t h e  d e s i r a b i l i t y  of p e r f e c t i n g  methods of measuring t h e  quan t i t y  

and of determining t h e  cha-racter  of sediment loads i n  s t reams,  s e v e r a l  a- 

g e n c i e s  of t h e  United S t a t e s  Government organized  an  In t e rdepa r tmen t  a 1  

Committee i n  1939 t o  make a  thorough s tudy of a l l  problems encountered i n  

c o l l e c t i n g  sediment d a t a  and t o  s tandard ize  accepted  methods and equip- 

ment. The agencies  of t he  Federa l  Government which have a c t i v e l y  pa r t i c -  

i pa t ed  i n  t h i s  endeavor a r e ;  Corps of Engineers ,  Department of t h e  Array; 

S o i l  Conservation Se rv i ce  of t h e  Department of  A g r i c u l t u r e ;  Geological  

Survey, Eureau of Reclamation, and Of f i ce  of Indian  A f f a i r s  of t h e  In t e -  

r i o r  Department;  and t h e  Tennessee Va l l ey  Au thor i ty ,  Tne s t u d i e s  were 

c a r r i e d  on w i t h  t h e  c o o p e r a t i o n  of t h e  Iowa I n s t i t u t e  of Hydraul ic  Re- 

s ea rch  a t  t h e  Eydraul ics  Laboratory, S t a t e  Un ive r s i t y  of Iowa, Iowa City,  

Iowa.  

A t  a  meeting of  t h e  In te rdepar tmenta l  Committee i n  A p r i l  1946 it was 

agreed t o  t r a n s f e r  t h e  a c t i v i t i e s  and func t ions  o f  t h e  Committee t o  t h e  

r e c e n t l y  e s t a b l i s h e d  Subcommittee on Sedimentation, of t h e  Federa l  I n t e r -  

Agency River Basin Committee, I n t e r e s t e d  Federa l  agencies  have been in- 



v i t e d  t o  des igna te  r e p r e s e n t a t i v e s  t o  a t t e n d  and p a r t i c i p a t e  f u l l y  i n  t h e  

work of t h e  Subcommittee The Subcommittee on Sedimentat ion,  a s  of  June 

1946, was composed of  r e p r e s e n t a t i v e s  of t h e  fo l lowing  agencies:  

Agr icu l ture :  S o i l  Conservation S e r v i c e ,  Fores t  Serv ice  

I n t e r i o r :  Bureau o f  Reclamat ion,  Geological  Survey, O f -  
f i c e  of Land U t i l i z a t i o n  

Federal  Power Commission 

Department of t h e  Army: Corps of Engineers 

Department of Commerce : Coast and Geodet i c  Survey 

Tennessee Valley Authori ty  

The Federa l  Inter-Agency Subcommittee on Sedimentation formally took ove r  

t h e  a c t i v i t i e s  and t h e  un f in i shed  program of  t h e  I n t e r d e p a r t m e n t a l  Com- 

m i t t e e  i n  June 1946, 

The scope of t h e  g e n e r a l  p r o j e c t ,  "A Study of  Methods Used i n  Meas- 

urement and Analys is  of Sediment Loads i n  Streams, " of which t h e  p r e s e n t  

r epo r t  i s  a p a r t , i s  i nd ica t ed  by t h e  fol lowing t i t l e s  and b r i e f  a b s t r a c t s  

o f  o the r  r e p o r t s  i n  t h i s  s e r i e s .  

Report No. 1--"Field P r a c t i c e  and Equipment Used i n  Sampl- 
ing Suspended Sediment," i s  a d e t a i l e d  review of t h e  equipment 
and methods used i n  suspended sediment sampling from t h e  e a r l i -  
e s t  i n v e s t i g a t i o n  t o  t h e  p re sen t ,  wi th  d i scuss ions  of t h e  ad- 
vantages and disadvantages of t h e  va r ious  methods and i n s t r u -  
ments. The requirements of a sampler which would meet a l l  f i e l d  
condi t ions  s a t i s f a c t o r i l y  a re  s e t  f o r t h .  

Report No. 2-- Equipment used f o r  Sampling Bed-Load and 
Bed M a t e r i a l , "  d e a l s  w i th  bed-load and bed m a t e r i a l  i n  a manner 
s i m i l a r  t o  t h a t  i n  which Report No. 1 covers  suspended load. 

Report Fo. 3--"Analyt i c a l  Study of hlethods of Sampling 
Suspended Sediment," covers an i n v e s t i g a t i o n  of t h e  accuracy of 
var ious  methods of sampling 'suspended sediment i n  a v e r t i c a l  
s e c t i o n  of a stream based on t h e  l a t e s t  developments i n  t h e  ap- 
p l i c a t i o n  of t h e  turbulence  theory  t o  sediment t r a n s p o r t a t i o n .  
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-"Methods o f  Analyzing Sediment Samples, " de- 
s c r i b e s  many methods  developed f o r  d e t e r m i n i n g  t h e  s i z e  o f  
s m a l l  p a r t i c l e s  i n  sed iment  a n a l y s e s .  D e t a i l e d  i n s t r u c t  i o n s  
a r e  g i v e n  f o r  many of t h e  conxnon methods i n  use  f o r  d e t e r m i n i n g  
t h e  p a r t i c l e  s i z e  and t h e  t o t a l  c o n c e n t r a t i o n  o f  sed iment  i n  
samples a s  developed by a g e n c i e s  do ing  e x t e n s i v e  work i n  t h e s e  
f i e l d s .  

P e p o r t  No. 5--"Laboratory I n v e s t i g a t i o n s  of Suspended Sed- 
iment  S a m p l e r s , "  d e s c r i b e s  i n v e s t i g a t i o n s  o f  t h e  e f f e c t s  o f  
v a r i o u s  i n t a k e  c o n d i t i o n s  on t h e  a c c u r a c y  of sediment  samples  
and t h e  f i l l i n g  c h a r a c t e r i s t i c s  o f  s low f i l l i n g  samplers  u n d e r  
v a r i o u s  c o n d i t i o n s .  

F e p o r t  No. 6--"The Design of Iniproved Types o f  Suspended 
Sediment Samplers,  " d e s c r i b e s  t h e  development of v a r i o u s  t y p e s  
o f  i n t e g r a t i n g  sample rs  s u i t a b l e  f o r  t a k i n g  v e r t i c a l l y  i n t e -  
g r a t e d  samples  i n  f l o w i n g  s t r e a m s  and o t h e r s  f o r  t a k i n g  i n t e -  
g r a t e d  samples  a t  a  f i x e d  p o i n t .  D e t a i l s  o f  t h e  b e s t  f o r m s  de- 
veloped a r e  given.  

E e p o r t  No. 7--"A Study of hew Methods f o r  S i z e  Ana lys i s  o f  
Suspended Sediment Samples, " g i v e s  an account  of a  s t u d y  t o  de- 
v e l o p  methods o f  s i z e  a n a l y s i s  more s u i t a b l e  t o  t h e  c o n d i t i o n s  
u s u a l l y  met i n  suspended sediment s t u d i e s .  It d e s c r i b e s  a  s i m -  
p l e  fo rm o f  a p p a r a t u s  d e v e l o p e d  and  g i v e s  d e t a i l e d  p r o c e d u r e  
f o r  i t s  u s e .  

Repor t  ho. 9--"Density o f  Sediments Ceposi ted i n  Reser-  
v o i r s ,  " p r e s e n t s  d a t a  on t h e  a p p a r e n t  d e n s i t y  o f  sed iment  de- 
p o s i t e d  i n  e x i s t i n g  r e s e r v o i r s .  The r e s u l t s  a r e  summarized and 
c e r t a i n  conc lus ions  of v a l u e  i n  e n g i n e e r i n g  s t u d i e s  a r e  given.  

The purpose  o f  t h e  p resen t  r e p o r t  i s  t o  p r o v i d e  a  resume o f  t h e  d a t a  

i n  t h e  p r e v i o u s  r e p o r t s  cons ide red  u s e f u l  t o  e n g i n e e r s  d i r e c t l y  concerned 

w i t h  sediment  i n v e s t i g a t i o n s .  It is i n t e n d e d  a l s o  t o  s e r v e  a s  a  g u i d e  t o  

f i e l d  p e r s o n n e l  i n  s e l e c t i n g  equipment and p rocedures  t o  c a r r y  o u t  a  sed- 

iment program. An a t t e m p t  i s  made t o  c l a r i f y  t h e  fundamental  p r i n c i p l e s  

o f  sediment t r a n s p o r t a t i o n  and t o  i n d i c a t e  p r a c t i c a l  methods o f  o b t a i n i n g  

r e l i a b l e  sed iment  l o a d  d a t a ,  

2,. Pe r sonne l - -The  f o l l o w i n g  r e p r e s  e n t a t  i v e s  o f  t h e  c o o p e r a t i n g  

agenc ies  c o l l a b o r a t e d  i n  v a r i o u s  phases  of t h e  g e n e r a l  p r o j e c t  from which 
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the  ma te r i a l  f o r  t h i s  r epo r t  was der ived:  Cleveland P. Horne, Jr., :&or- 

gan D. Dubrow, and Martin F. ne lson ,  Corps of Engineers; Vernon J.Palrner, 

S o i l .  Conservation Service; Vic tor  A. Koelzer and Paul C. Benedict,  Geolo- 

g i c a l  Survey; P h i l i p  M. Noble, Donald E. Fhinehar t ,  and John VJ. S t an l ey ,  

Bureau of Fec lamat ion;  Frank W. P a r k e r ,  O f f i c e  o f  I n d i a n  A f f a i r s ;  and 

Clarence A. Boyll ,  Tennessee Valley Authority.  Puring t k e  per iod  i n  which 

the  ma te r i a l  f o r  t h i s  r epo r t  was compiled, t h e  p r o j e c t  was under t h e  gen- 

e r a l  d i r e c t i o n  of  Professor  E. W. Lane of t h e  Iowa I n s t i t u t e  of Hydraul ic  

Research. P a r t i c i p a t i n g  i n  var ious  phases of t h e  work were personnel  of 

t h e  Iowa Ci ty  o f f i c e s  of two government agencies ,  t h e  Geological  Survey 

and t h e  Corps of Fngineers.  
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4. D e f i n i t i o n  of terms--The nomencla ture  used i n  t h e  f i e l d  of f l u -  

v i a l  sediment has  n o t  y e t  been s t a n d a r d i z e d  and,  consequen t ly ,  some t e r m s  

a r e  used  i n d i s c r i m i n a t e l y  and o f t e n  w i t h  ambiguous o r  v a r i a n t  meanings.  

Sometimes t h e  word "s i l t"  i s  used t o  d e s i g n a t e  t h e  composite l o a d  o f  s o l -  

i d s  c a r r i ~ d  by s t r e a m s  and i n  o t h e r  i n s t a n c e s  t h e  t e r m  d e n o t e s  o n l y  pa r -  

t i c l e s  o f  a  g i v e n  s i z e  range w i t h i n  t h e  composi te  load .  I n  r e c e n t  l i t e r -  

a t u r e  t h e r e  h a s  been a  growing tendency  t o  u s e  t h e  t e r m  "sediment" when 

r e f e r r i n g  t o  t h e  m i n e r a l  s o l i d s  l o a d  a s  a  whole  t r a n s p o r t e d  by f l o w i n g  

water.  T l i s  usage  has  been accepted g e n e r a l l y  by g e o l o g i s t s  and conforms 

w i t h  t h e  d e f i n i t i o n  g i v e n  i n  t h e  hew S t a n d a r d  D i c t i o n a r y ,  "Fragmenta l  

m a t e r i a l ,  t r a n s p o r t e d  by, suspended i n ,  o r  d e p o s i t e d  by w a t e r  o r  a i r ,  o r  

accumulated i n  beds  by o t h e r  n a t u r a l  a g e n t s ;  any  d e t r i t a l  accumu1at:ion 

s u c h  a s  l o e s s . "  I n  t h i s  r e p o r t ,  t h e  t e r m  "sediment"  i s  u s e d  t o  d e n o t e  

t h e  composi te  l o a d s  o f  f r a g m e n t a l  m a t e r i a l  t r a n s p o r t e d  by, suspended i n  

o r  d e p o s i t e d  by a  f lowing  s t ream,  wi thou t  r e g a r d  t o  t h e  s i z e  o f  t h e  i n d i -  

v i d u a l  p a r t i c l e  o r  g roups  of p a r t i c l e s .  

I n  l i t e r a t u r e  on geology and s o i l  mechanics t h e  tern:  " s i l t f '  is  usu- 

a l l y  r e s t r i c t e d  t o  t h e  meaning, "a f r a g m e n t a l  m a t e r i a l  composed o f  r e l a -  

t i v e l y  f i n e  p a r t i c l e s .  " The g r a p h i c a l  s c a l e s  a d o p t e d  t o  i n d i c a t e  v a r i -  

o u s  r a n g s s  of p a r t i c l e  s i z e  p l a c e  s i l t  between c l a y  a n 2  sand. It i s  i n  

accordance w i t h  t h i s  nean ing  t h a t  t h e  term "s i l t"  i s  used i n  t h i s  r e p o r t .  

P g r e a t  d e a l  o f  c o n f u s i o n  has  been i n t r o d u c e d  i n t o  s e d i x e n t  l i t e r a -  

t u r e  by t h e  u s e  o f  t h e  t e rms  f i n e  and c o a r s e  sediments .  P Derson vrorking 

i n  a r e  ; ion wkere f i n e  sed iments  p r e v a i l  might  c l a s s i f y  a c e r t a i n  s e t i -  



ment coa r se ,  wh i l e  ano the r  who i s  working i n  a r eg ion  of c o a r s e r  s e d i -  

ments might p l a c e  t h i s  same m a t e r i a l  i n  t h e  ca t egory  of f i n e  sediment .  

It i s  no t  always p r a c t i c a b l e  t o  d e f i n e  s h a r p l y  t h e  d i s t i n c t i o n  between 

f i n e  and coa r se  sediments. Various a u t h o r i t i e s  have found it convenient  

and p r a c t i c a l  t o  place the-boundary somewhere between 0.050 mm. and 0.074 

mrn., t h e  l a t t e r  being approximately t h e  200-mesh s ieve  s i z e .  I n  o rde r  t o  

c l a r i f y  t h e  u s e  o f  terms i n  t h i s  r e p o r t  t h e  f i n e  and coa r se  s ed imen t s  

w i l l  be d iv ided  a t  about 1/16 mm. (0.0625 m.) ,  o r  t he  No. 230 mesh s i eve  

s i ze .  

The fo l lowing  d e f i n i t i o n s  have been adopted  f o r  c e r t a i n  o t h e r  terms 

which a r e  used f r equen t ly  throughout t h e s e  r epo r t s :  

2uspended sedinent--Sediment which remains i n  suspens ion  
i n  flowing water f o r  a cons ide rab le  per iod of time without  con- 
t a c t  wi th  t h e  s t  r e a m  bed. 

S a l t a t i o n  load--Sediment which moves i n  a s e r i e s  of low 
a r c s  ending a t  t h e  s t ream bed. 

xed-load--Sediment which moves i n  almost cont inuous con- 
t a c t  wi th  t he  stream bed, being r o l l e d  o r  pushed along t h e  bot- 
tom by t h e  force  of t he  water.  

Water sediment--Water and sediment mixture  e x i s t i n g  i n  o r  
obtained from a stream o r  o t h e r  body of water. 

Sediment concentration--The weight of s o l i d s  i n  a water-  
sediment mixture  expressed  e i t h e r  a s  t h e  weight of d r y  s o l i d s  
p e r  u n i t  volume of t h e  sample o r  a s  t h e  r a t i o  of t h e  weight of 
d r y  s o l i d s  t o  t h e  weight o f  t he  sample. 

Sediment discharge--Weight o f  sediment  t r a n s p o r t e d  p e r  
u n i t  of time. 

Sediment hydrograph--Diagram showing the  v a r i a t i o n  of sed- 
iment concen t r a t ion  o r  sediment d i scha rge  f o r  s e l e c t e d  i n t e r -  
v a l s  o f  time p lo t t ed  i n  chronologica l  order .  

Yert ical--Path taken  by a sampler i n  moving from t h e  water  
s u r f a c e  t o  t h e  s t ream bed. 
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Sample of water-sediment mixture  taken a t  a  
s i n g l e  p o i n t  e i t h e r  wi th  an ins tan taneous  o r  a  po in t - in t eg ra t -  
ing  sample^. 

Point-integration--Method of sampling t o  o b t a i n  t h e  mean 
concen t r a t ion  o f  sediment a t  a  pa in t .  

Depth-integration:-Method of  sampling t o  o b t a i n  a  repre-  
s e n t a t i v e  increment of  sample from every p o r t i o n  of a  v e r t i c a l .  

5. -The r eco rds  of anc i en t  c i v i -  

l i z a t i o n s  i n  China, Mesopotamia, and Egypt i n d i c a t e  t h a t  man, s i n c e  t h e  

e a r l i e s t  t imes,  has  exper ienced  d i f f i c u l t i e s  due t o  sediment c a r r i e d  by 

n a t u r a l  streams. Rowews, the  manner i n  which f l u v i a l  sediment i s  t r ans -  

po r t ed  and depos i ted ,  a  knowledge of which would a i d  i n  avoiding o r  over- 

coming many of t h e s e  d i f f i c u l t i e s ,  has been i n v e s t i g a t e d  o n l y  i n  com- 

p a r a t i v e l y  r ecen t  years .  The f i r s t  i n v e s t i g a t i o n s  were made i n  I t a l y  i n  

t h e  l a t t e r  pa r t  of t h e  seventeen.th century. The fundamentals of t h e  sed- 

iment problem were . i nves t iga t ed  s c i e n t i f i c a l l y  i n  France i n  t h e  e igh t -  

e e n t h  cen tu ry ,  b u t ,  s o  f a r  a s  can be determined, i t  was n o t  u n t i l  t h e  

e a r l y  p a r t  o f  t h e  n i n e t e e n t h  century  t h a t  q u a n t i t a t i v e  obse rva t ions  of 

sediment c a r r i e d  by n a t u r a l  s t reams were made. The f j r s t  sediment l oad  

measurements of  record were made by Grosse and Subuors i n  t h e  Phone Fivnr  

i n  1808 and 1809. Other  e a r l y  measurements were made by Blohm i n  t h e  

Elbe R ive r  a t  Hamburg, Germany, from 1E37 t o  1854 and by Eaumgarten i n  

t h e  Garonne River  France, from 1839 t o  184-6, Fxcept f o r  a  re ference  t o  

s u r f a c e  samples t a k e n  by Eaumgarten, t h e  r e c o r d s  do n o t  i n d i c a t e  what 

methods o r  equipment were used i n  making t h e s e  rxeasurements. The e a r l i -  

e s t  measurements o f  sediment load  i n  t h i s  count ry  were mad3 i n  t h e  "is- 

s i s s i p p i  L ive r  by Captain T a l c o t t  i n  1638, Fxtens ive  observa t ions  were 

- 
made i n  t h e  Lower lYiss i ss ippi  by rorshey i n  connec t ion  with t h e  s t u d i e s  
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of  Hymphreys and Abbott i n  1851 and 1852. Sediment samples were t a k e n  i r  

t h e  South Pass  n e a r  t h e  mouth o f  t h e  M i s s i s s i p p i  from 1877 t o  1896. hllea- 

surements  were made a l s o  a t  s e v e r a l  s t a t i o n s  a long  t h e  lower  , middle,  and 

upper  M i s s i s s i p p i  and i n  t h e  U i s s o u r i  R iver  from 1879 t o  1881. Extens ive  

sediment o b s e r v a t i o n s  were made on t h e  Missour i  R i v e r  and i t s  t r i b u t a r i e s  

i n  1929 and 1930 and on  t h e  M i s s i s s i p p i  i n  1930 and 1931. 

The development o f  i r r i g a t i o n  a l o n g  t h e  r i v e r s  o f  t h e  s o u t h w e s t e r n  

p a r t  o f  t h i s  c o u n t r y  met w i t h  c o n s i d e r a b l e  d i f f i c u l t y  due t o  t h e  heavy 

l o a d s  o f  sediment c a r r i e d  by t h e s e  s t reams .  I n  o r d e r  t o  f i n d  a  s o l u t i o n  

t o  t h i s  p rob lem,  s e d i m e n t  m e a s u r e m e n t s  were  s t a r t e d  i n  many o f  t h e s e  

r i v e r s  i n  t h e  l a t t e r  p a r t  o f  t h e  n i n e t e e n t h  c e n t u r y .  Samples were f i r s t  

c o l l e c t e d  i n  t h e  F i o  Grande i n  1 8 8 9  and  1 8 9 0  and have been  t a k e n  more 

o r  l e s s  concinuously  s i n c e  1897. Observa t ions  have been made c o n t i n u a l l y  

on  t h e  lower Colorado s i n c e  1909. 

P k i l e  t h e  i n t e r e s t  i n  sediment  i n f o r m a t i o n  and t h e  p r a c t i c e  o f  mak- 

i n g  o b s e r v a t i o n s  o f  sed iment  l o a d s  was advanc ing  i n  t h i s  c o u n t r y ,  con- 

t e m p o r a r y  i n t e r e s t  i n  t h e  sed iment  p rob lem was d e v e l o p i n g  a l l  o v e r  t h e  

world. Sediment investigations o f  r e c o r d ,  t o g e t h e r  w i t h  s u c h  d a t a  a s  a r e  

a v a i l a b l e  on t h e  methods a n d  equipment u s e d ,  a r e  l i s t e d  c h r o n o l o g i c a l l y  

i n  T a b l e  1 of  P e p o r t  ho.  1 i n  t h i s  s e r i e s .  The f o r e g o i n g  h i s t o r y  d e a l s  

o n l y  w i t h  o b s e r v a t i o n s  of suspended sediment  l o a d s .  1Jeasurements o f  t h e  

h e a v i e r  m a t e r i a l  moving o n o r  n e a r  t h e  s t r e a m  bot tom a p p a r e n t l y  were  made 

f i r s t  by D a v i s  i n  1 6 9 8  i n  c o n n e c t i o n  w i t h  s t u d i e s  f o r  t h e  P j i ca raguan  

Canal. Twenty y e a r s  l a t e r  Kurtzman made measurements i n  t h e  T i r o l  r i v e r s .  

T h i s  t y p e  of work has been developed e x t e n s i v e l y  i n  Europe s i n c e  1930 ,bu t  

v e r y  l i t t l e  has  been done i n  Prrerica.  C e t a i l s  o f  t h e  development o f  bed- 
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load i n v e s t i g a t i o n s  a r e  g iven  i n  Report No. 2. 

6. Types of sediment  t r anspor t a t ion - -S tuden t s  of sediment t r a n s -  

p o r t a t  ion and r e l a t e d  problems have c l a s s  if ied  t h e  movement of p a r t i c l e s  

in  flowing s treams i n t o  t h r e e  types :  

a. Rol . l ing o r  s l i d i n g  a long  the  bottom, t h e  p a r t i c l e s  - 
being i n  con tac t  w i t h  t h e  bed p r a c t i c a l l y  a l l  t h e  time. 

be Bouncing a l o n g  t h e  b o t t o m a s  t h e  p a r t i c l e s  a r e  ca r -  - 
r i e d  forward by the  stream. The i n i t i a l  impetus which launches 
a  p a r t i c l e  i n t o  t h e  c u r r e n t  may be due t o  t h e  s t r i k i n g  of  one 
p a r t i c l e  by a n o t h e r ,  t h e  r o l l i n g  of one p a r t i c l e  up over  an- 
o t h e r ,  o r  t h e  f l o w i n g  of w a t e r  over  t h e  curved s u r f a c e  of a  

p a r t  i c l e  t hus  producing a  negat ive pressure .  

c .  Moving wi thou t  c o n t a c t  w i t h  t h e  bed,  t h e  p a r t i c l e s  - 
being suspended by v e r t i c a l  components of t h e  c u r r e n t s  i n  t u r -  
bu len t  water ,  while  be ing  c a r r i e d  forward by h o r i z a n t a l  compo- 
nents  of  t hese  cu r r en t s .  

The ex i s t ence  of t hese  t h r e e  forms of motion has been recognized f o r  

many yea r s .  As e a r l y  a s  1848 M r .  Baumgarten (2 )  * d i s t i n g u i s h e d  t h r e e  

methods by which s o l i d  p a r t i c l e s  a r e  moved i n  s t reams.  

? L o  A d i scon t inuous  r o l l i n g  motion a long  t h e  bed of t h e  
s t r eam which t a k e s  p l a c e  when the  v e l o c i t y  of  t h e  c u r r e n t  i s  
l imi t ed  o r  t he  m a t e r i a l s  la rge .  

b. With g r e a t e r  v e l o c i t i e s  o r  sma l l e r  p a r t i c l e s ,  a  d i s -  - 
c0n.t inuous suspension i n  t he  lower laminae of t h e  cu r r en t .  

c. Movement i n  continuous suspens ion when t h e  p a r t i c l e s  - 
a r e  c a r r i e d  throughout t h e  e n t i r e  length  cons ide red.  

These t h r e e  gene ra l  t ypes  of movement have a l s o  been desc r ibed  by McMath 

(9)  a s  fol lows : 

a .  Some of t h e  t r a v e l i n g  m a t e r i a l  never  l o s e s  c o n t a c t  - 
with  the  bottom. 

b ,  Ma te r i a l  which, though heavy and i n  g r a m s  of no tab le  - 
s i z e ,  is detached f o r  a  time by some e n e r g e t i c  impulse and de- 

*~umbers  r e f e r  t o  r e f e rences  i n  the  bibl iography.  
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s c r i b e s  a  l o n g e r  o r  s h o r t e r  f r e e  p a t h ,  moving i n  o r  w i t h  t h e  
surrounding water. 

c .  B t e r i a l  which, once mingled wi th  the  water ,  remains - 
i n  continuous suspension u n t i l  it reaches the  sea. 

An e x c e l l e n t  d e s c r i p t i o n  of how t h e s e  movements t a k e  p l ace  i s  g i v e n  

by  G. F. Deacon (3)  based on t h e  movements of sand  i n  connection w i t h  

s t u d i e s  f o r  t he  des ign  o f ,  t h e  Jhnches te r  s h i p  canal .  

"The observat ions were made i n  a  long fla-t;- bottomed t rough 
w i t h  g l a s s  s i d e s ,  by m a n s  of which t h e  behaviour  of t h e  sand 
could be a c c u r a t e l y  observed. The sand was from the  e s t u a r y  of 
t h e  hkrsey,  t h e  q u a n t i t i e s  moved were weighed, and t h e  s u r f a c e  
v e l o c  it i e s  of t h e  wa te r  were c a r e f u l l y  measured. When wa te r  
f lowed w i t h  a s t e a d i l y  i n c r e a s i n g  v e l o c i t y  Over a  s u r f a c e  of 
s u c h  sand ,  f i n e  p i e c e s  of broken s h e l l  were f i r s t  moved; and 
t h e  s u r f a c e  v e l o c i t y  r e q u i r e d  t o  produce s u c h  movements w-as 
cons iderably  l e s s  than  one foo t  pe r  second. A t  such v e l o c i t i e s ,  
however, t h e  sand proper was p e r f e c t l y  s t a b l e ,  and however long 
t h e  f low continued it remained undis turbed;  but the  f i n e  p i eces  
of s h e l l s  a t  t h e  su r f ace  of t h e  sand movea i n  spasmodic l e a p s ,  
accumula-t i ng  wherever t h e  v e l o c i t y  was somewhat l e s s .  

"The f i r s t  movemnt of sand began a t  a  s u r f a c e  v e l o c i t y  of 
1.3 f o o t  pe r  second. This movement was confined t o  t h e  s m a l l e r  
i s o l a t e d  g r a i n s  and i f  t h e  same v e l o c i t y  was main ta ined ,  t h e  

g r a i n s  s o  moved ranged themselves i n  t h e  p a r a l l e l  bands perpen- 
d i c u l a r  t o  t h e  d i r e c t  ion  of t h e  c u r r e n t ,  e ach  band t a k i n g  t h e  
form of  t h e  w e l l  known sand r i p p l e s  o f  t h e  seashore  o r  sand- 
bottomed s t ream,wi th  i ts  f l a t  s lope  upwards,and its s t e e p  s l o p e  
downwards i n  t h e  d i r e c t i o n  of  t h e  c u r r e n t .  A t  t h i s  v e l o c i t y  t h e  
p r o f i l e  of  each  sand r l p p l e  had a  v e r y  slow motion of t r a n s l a -  
t i o n ,  caused by sand p a r t i c l e s  running up the  f l a t t e r  s lope  and 
t o p p l i n g  over t he  c r e s t .  The s t e e p  downward s lope  was the re fo re  
be ing  c o n s t a n t l y  advanced a t  t h e  expense of t h e  denudat ion of 
t h e  l e s s  s t e e p  upward s lope .  A t  a  su r f ace  v e l o c i t y  of  1 . 5  f o o t  
p e r  second, t h e  sand r i p p l e s  were v e r y  p e r f e c t ,  and t r a v e l l e d  
w i t h  t h e  s t r eam a t  a  v e l o c i t y  o f  about  t h e  1/2160 p a r t  o f  t h e  
s u r f a c e  v e l o c i t y  of  the  water.  A t  a  s u r f a c e  v e l o c i t y  of  1.75, 
t h e  r a t i o  was reduced t o  about 1/1050, and a t  a  su r f ace  v e l o c i t y  
of 2  f e e t  t o  1/480. A c r i t i c a l  v e l o c i t y  was reached when t h e  
s u r f a c e  o f  t h e  water  moved a t  2.125 f e e t  p e r  second,  when t h e  
sand r i p p l e s  became very i r r e g u l a r ,  i n d i c a t i n g  g r e a t l y  increased 
uns teadiness  of motion of t he  water. Up t o  t h i s  poinJc the  whole 
amount of scour  was represented  by the  volume of the  sand-waves 
m u l t i p l i e d  by an  exceedingly low v e l o c i t y ,  always l e s s  than  t h e  
1/480. p a r t  of t h e  sur face  v e l o c i t y  of the  water.  A t  about t h i s  
c r i t i c a l  v e l o c i t y  of 2 . 1  f e e t  per  second, t h e  p a r t i c l e s  r o l l e d  
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by t h e  wa te r  up t h e  f l a t  s l o p e ,  i n s t e a d  of t o p p l i n g  over  t h e  
s t e e p  s l o p e ,  were o c c a s i o n a l l y  c a r r i e d  by the  w a t e r  d i r e c t  t o  
t he  next  c r e s t ;  and a s  t h e  v e l o c i t y  of the  water  was g r a d u a l l y  
i n c r e a s e d ,  a n  i n c r e a s i n g  bombardment 04 e a c h  c r e s t  f rom t h e  

c r e s t  behind it took place. A t  about 2.5 f e e t  p e r  second, an- 
o t h e r  c r i t i c a l  v e l o c i t y  was reached, andmany of t h e  l i t t l e  pro- 
j e c t i l e s  c l e a r e d  t h e  t o p  of  t h e  f i r s t ,  o r  even  o f  t h e  second 
c r e s t  ahead of t h a t  from which they  were f i r e d .  * A t  su r f ace  .ve- 
l o c i t i e s  of 2.6 t o  2.8 f e e t  per  second, t h e  sand r i p p l e s  became 
more and more g h o s t l i k e ,  u n t i l ,  a t  2.9 f e e t  p e r  second,  t h e y  
were whol ly  meyged i n  p a r t i c l e s  of sand rush ing  a long  wi th  t h e  
water  ir, suspension. Af t e r  t h i s  t he  scour  was of  t o t a l l y  d i f -  
f e r e n t  c h a r a c t e r ;  t h e  sand and water  became mixed, and a  con- 
s t a n t  process  of l i f t  ing, car ry ing ,  and depos i t  i ng  of i nd iv idua l  
p a r t i c l e s  ensued,  t h e  sand being s t i r r e d  t o  a dep th  and l i f t e d  
t o  a  he igh t  dependent upon t h e  ve loc i ty .  " 

Another  d e s c r i p t i o n  of t h e  method by which m a t e r i a l  i s  moved i n  

streams is t h a t  g iven  by Gi lbe r t  ( 5 )  a s  fol lows:  

"Streams of w a t e r  c a r r y  forward d e b r i s  i n  v a r i o u s  ways. 
The s i m p l e s t  i s  t h a t  i n  which  t h e  p a r t i c l e s  a r e  s l i d d e n  o r  

ro l l ed .  S l i d i n g  r a r e l y  takes  place except where t h e  bed of t h e  
channel  is smooth. Pure r o l l i n g ,  i n  which t h e  p a r t i c l e  is con- 
t i n u o u s l y  i n  c o n t a c t  w i t h  t h e  bed, is a l s o  of s m a l l  r e l a t i v e  
importance.  I f  t h e  bed is uneven, t h e  p a r t i c l e  u s u a l l y  does 
not  r e t a i n  con t inuous  con tac t  bu t  makes l e a p s ,  and t h e  process  
is then  c a l l e d  s a l t a t i o n .  With s w i f t e r  c u r r e n t  l e a p s  a r e  ex- 
tended, and i f  a  p a r t i c l e  t hus  f r eed  from t h e  bed be caught  by 
an ascending po r t ion  of a  s w i r l i n g  cu r r en t  i t s  excurs ion  may be 
i n d e f i n i t e l y  prolonged. Thus borne it i s  s a i d  t o  be suspended, 
and t h e  p roces s  by which it is t r a n s p o r t e d  is c a l l e d  suspen- 
s ion.  There is no sha rp  l i n e  between s a l t a t i o n  and suspension, 
bu t  t h e  d i s t i n c t i o n  i s  never the less  important,  f o r  it se rves  t o  
d e l i m i t  two methods of  hydrau l i c  t r a n s p o r t a t i o n  which f o l l o w  
d i f f e r e n t  laws .  In  suspension t h e  e f f i c i e n t  f a c t o r  is  t h e  up- 
ward component o f  motion i n  p a r t s  of t h e  complex c u r r e n t .  I n  
o t h e r  t r a n s p o r t a t  ion, including s a l t a t  ion ,  r o l l i n g ,  and s l i d i n g ,  
t h e  e f f i c i e n t  f a c t o r  i s  i n  motion p a r a l l e l  w i t h  t h e  bed and 

c l o s e  t o  it. " 

Bagnold (1) has demonstrated t h a t  t he  movement of sand i n  a i r ,  s i m i -  

l a r  t o  t h e  s a l t a t i o n  movement observed by G i l b e r t ,  c o n s i s t s  i n  a  s e r i e s  

of  long,  low f l i g h t s ,  p rope l l ed  by t h e  hoP izon ta l  components of t h e  ve- 

l o c i t y  of the wind, a f t e r  t he  p a r t i c l e s  have been launched i n t o  the  wind 

stream. The i n i t i a l  upward movement of a  p a r t i c l e  may be due t o  r o l l i n g  
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over t h e  edge of another ,  t o  t h e  impact of another  p a r t i c l e  a t  t h e  end of 

i t s  f l i g h t ,  o r  t o  a  rebound o f  t h e  p a r t i c l e  i t s e l f  upon s t r i k i n g  an in-  

c l i n e d  su r f ace  i n  t h e  bed. 

7 .  -Analysis o f  t h e  v e r t i c a l  d i s t r i b u t i o n  of suspended sediment--A 

g r e a t  many t h e o r i e s  have been proposed concerning t h e  suspension of sedi-  

ment i n  flowing w a t e r  bu t  o n l y  w i t h i n  t h e  p a s t  decade h a s  a p l a u s i b l e -  

a n a l y s i s  of t h i s  phenomenon been developed. It i s  now g e n e r a l l y  recog- 

n ized  t h a t  t h e  suspens ion  of sediment i n  a  s t ream i s  d i r e c t l y  r e l a t e d  t o  

t h e  t u r b u l e n c e  o f  t h e  f lowing  w a t e r  a s  exp la ined  by Lane and K a l i n s k e  

(7 ) .  The a n a l y t i c a l  b a s i s  f o r  t h i s  concept has  been p r e s e n t e d  i n  engi -  

n e e r i n g  l i t e r a t u r e ,  but  t h e  r a t i o n a l  a n a l y s i s  w i l l  be d i scussed  i n  t h i s  

r e p o r t ,  a s  it i s  be l ieved  t h a t  ap understanding of t h e  turbulence  concept 

w i l l  provide an e f f e c t i v e  a i d  i n  planning and ca r ry ing  out  a  s a t i s f a c t o r y  

sediment measurertient program. 

I n  t u r b u l e n t  f low t h e  d i r e c t i o n  o f  t h e  c u r r e n t  a t  a  g i v e n  p o i n t  

changes r a p i d l y  and haphazardly.  Although t h e  flow a t  t h e  p o i n t  h a s  a  

gene ra l  forward motion, i n  a  s h o r t  space of time smal l  a r e a s  of t h e  flow 

o r  e d d i e s  f l u c t u a t e  a l s o  i n  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  These 

f l u c t u a t i o n s  a r e  i r r e g u l a r  and haphazard and do not fo l low any d e f i n i t e  

sequence. The v e l o c i t y  of t h e  wa te r  a l s o  changes, f l u c t u a t i n g  about a  

mean va lue  i n  a  manner s i m i l a r  t o  t h e  d i r e c t i o n  of flow. Fig. I i l l u s -  

t r a t e s  how t h e  v e l o c i t y  was found t o  f l u c t u a t e  a t  t h r e e  p o i n t s  i n  a  ver-  

t i c a l  i n  t h e  Miss i s s ipp i  River (6) a s  determined wi th  a  c u r r e n t  meter. 

Sediment c a r r i e d  i n  suspension i s  acted on i n  t h e  v e r t i c a l  d i r e c t i o n  

by momentary c u r r e n t s  which move upward o r  downward i n  a  s t ream v e r t i c a l .  

I n  o r d e r  t h a t  t h e  water  l e v e l  i n  t h e  s t ream remain unchanged, Lhe quant i-  
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t y  of upward and downward flow must be equal .  It fo l lows  t h a t  i f  t he  up- 

ward and downward c u r r e n t s  were t h e  o n l y  f o r c e s  a f f e c t i n g  t h e  v e r t i c a l  

movement of sediment ,  complete mixing would soon t ake  p l ace  and t h e  con- 

c e n t r a t  ion  of sediment would become uniform throughout t hedepth. However 

t h e  f o r c e  o f  g r a v i t y  t e n d s  t o  make a l l  p a r t i c l e s  o f  g r e a t e r  s p e c i f i c  

g r a v i t y  t h a n  t h a t  of water  s e t t l e  s t e a d i l y  downward. Under t h e  combined 

ac t ion  of v e r t i c a l  c u r r e n t s  and s e t t l i n g  v e l o c i t y ,  a  p a r t i c l e  caught i n  a  

cu r r en t  moving upward at, a  r a t e  g r e a t e r  t han  the s e t t l i n g  v e l o c i t y  of t h e  

Fig. l--Observed f l u c t u a t i o n s  of v e l o c i t y  i n  t h e  
Miss i s s ipp i  River near  Muscatine, Iowa. To ta l  dep th  19  f t .  

p a r t i c l e ,  shou ld  be t r a n s p o r t e d  upward, bu t  i f  it is suspended i n  w a t e r  

moving downward o r  moving upward a t  a r a t e  l e s s  t han  i t s  s e t t l i n g  ve loc i -  

t y ,  t h e  p a r t i c l e  should  move downward. It might seem t h a t  t h e  downward 

c u r r e n t s  would t a k e  down as  much sediment  a s  t h e  upward ones c a r r y  up, 

wi th  the  r e s u l t  t h a t  a l l  t h e  ma te r i a l  f i n a l l y  would s e t t l e  t o  t he  bottom. 

However, a s  s e t t l i n g  t akes  place the  sediment concen t r a t ion  increases  to-  

ward t h e  bottom, and t h e  upward c u r r e n t s  t r a v e l  from a  r eg ion  of h i g h e r  

concen t r a t ion  t o  one of lower concen t r a t ion ,  while  f o r  t h e  downward cur-  

r e n t s  t h e  oppos i t e  p r e v a i l s .  As  t h e  amounts of w a t e r  moving upward and 
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downward a r e  equa l  and t h e  sediment concen t r a t ion  in  t he  r i s  ing c u r r e n t s  

i s  p o t e n t i a l l y  g r e a t e r  t han  i n  t he  downward c u r r e n t s ,  more sediment must 

be t r a n s p o r t e d  upward t h a n  downward by t h e  r i s i n g  and f a l l i n g  c u r r e n t s .  

The s e t t l i n g  a c t i o n  superimposed on t h e  f l u c t u a t i n g  upward and downward 

c u r r e n t s  tends  t o  produce a balanced suspens ion  i n  which t h e  r a t e  of in- 

c r e a s e  i n  sediment  c o n c e n t r a t i o n  toward t h e  bottom depends upon the  de -  

g r e e  of t u r b u l e n c e  I n  t h e  s t r eam and t h e  s e t t l i n g  v e l o c i t y  o f  t h e  s u s -  

pended p a r t i c l e s .  

CONCENTRATION 

a - 

CONCENTRATION 

Fig. 2--Typical v e r t i c a l  sediment d i s t r i b u t i o n s  

The diagram shown in Fig. 2a can be used t o  i l l u s t r a t e  the  c o n d i t i o n  

of e q u i l i b r i u m  of t h e  sediment  l oad  d i s t r i b u t i o n  i n  a s t r e a m  v e r t i c a l .  

Assume t h a t  t he  d i s t r i b u t i o n  of sediment concent ra t  ion in  the  v e r t i c a l  i s  

represented  by the  curve BC, and cons ider  a s e c t i o n  of a h o r i z o n t a l  plane 

a t  P having an  a r e a  A. Turbulent  c u r r e n t s  pass  through t h i s  a r e a ,  some 

h a v i n g  upward and some downward components.  Those which p a s s  upward 
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c a r r y  sediment from a  lower l e v e l  where the  concent ra t ion  i s  g r e a t e r  t han  

a t  P a s  shown by t h e  curve BC. Those which move downward c a r r y  water  

from a  h igher  l.evel whhre t h e  sediment concent ra t  ion i s  l e s s  than  a t  P. 

A s  t he  same amount of water  passes upward and downward. through t h i s  a rea ,  

t h e  product of t h e  v e r t i c a l  c u r r e n t s  and t h e  sediment concent ra t ion ,  t h a t  

i s  t h e  amount of  sediment t r a n s p o r t e d  through t h e  a r e a  by t h e  v e r t i c a l  

c u r r e n t s  must be g r e a t e r  i n  t h e  upward d i r e c t i o n .  When e q u i l i b r i u m  

e x i s t s  t h e  amount of m a t e r i a l  which s e t t l e s  through t h i s  a r ea  due t o  t h e  

fo rce  of g r a v i t y  equa l s  t h e  excess  of  t h a t  carried. upward over  t h a t  car- 

r i e d  downward by t h e  v e r t i c a l  c u r r e n t s .  

The s e t t l i n g  v e l o c i t y  of sediment p a r t i c l e s  i s  a  f u n c t i o n  o f  t h e i r  

s p e c i f i c  w e i g h t s ;  c o n s e q u e n t l y ,  c o a r s e  p a r t i c l e s  w i l l  t e n d  t o  s e t t l e  

f a s t e r  through a r e a  A than t h e  f i n e  p a r t i c l e s .  Since t h e  a c t i o n  of t h e  

water  i s  not  g r e a t l y  a f f e c t e d  by t h e  presence of  t h e  sediment,  t h e  water  

motion across  a r e a  A w i l l  not be apprec iab ly  d i f f e r e n t  f o r  sediments of 

d i f f e r e n t  s i z e s .  Therefore,  equi l ibr ium can be a t t a i n e d  only i f  t h e  vzr- 

t i c a l  d i s t r i b u t i o n  of sediment v a r i e s ,  t h e  concen t r a t ion  inc reas ing  more 

r a p i d l y  toward t h e  bottom f o r  coarse than  f o r  f i n e  sediment. The d i s t r i -  

b u t i o n  of s e d i m e r t  might be r e p r e s e n t e d  a s  shown i n  Fig.  2b, f o r  f i n e  

sediment curve BC and f o r  coarse  sediment curve DE. 

The s e t t l i n g  r a t e  of s o l i d  p a r t i c l e s  i n c r e a s e s  w i t h  s i z e ,  bu t  no t  

uniformly. The s e t t l i n g  r a t e  f o r  p a r t i c l e s  s x a l l e r  t h a n  about 1/16 m. 

i n  s i z e  v a r i e s  approximately a s  t h e  square of t h e  diameter ,  while  f o r  ex- 

t r eme ly  l a r g e  p a r t i c l e  s i z e s  t h e  s e t t l i n g  r a t e  v a r i e s  approximate ly  a s  

t h e  square roo t  of t h e  d i a m e t e r .  F a r t i c l e s  of  i n t ~ r m e d i a t e  s i z e  have s e t -  

t l i n g  v e l o c i t i e s  which vary a t  r a t e s  in te rmedia te  between t h e  square and 
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square roo t  r a t i o s .  The 1/16 mm. s i z e  i s  considered t h e  approximate d i -  

v i s i o n  p o i n t  between sed imen t s  c l a s s e d  a s  s i l t s  and those  c l a s s e d  a s  

sands. The c l a y  p a r t i c l e s  (which a r e  f i n e r  t han  s i l t s )  and the s i l t  par-  

t i c l e s  a r e  o r d i n a r i l y  found f a i r l y  uniformly d i s t r i b u t e d  i n  a  s t ream,  bu t  

sand pa r , t i c l e s  a r e  u s u a l l y  more c o n c e n t r a t e d  n e a r  t h e  bottom t h a n  n e a r  

t h e  sur face .  

Typ ica l  d i s t r i b u t i o n  cu rves  f o r  v a r i o u s  s  i z e s  of sediment  i n  t h e  

CONCENTRATION:- I SPACE = 100 P.P.b.4. BY WEIGHT 

Fig. 3- -Dis t r ibu t ion  of sediment i n  t h e  Missouri River  
a t  Kansas C i t y  

Missouri River  a t  Kansas C i t y  a r e  shown in  Fig. 3. In  t h i s  a n a l y s i s ,  i n  

which t h e  d i v i s i o n  p o i n t  between t h e  s i l t  and t h e  sand s i z e s  was 1 / 1 6  

mm. ,  t h e  s i l t  and c l a y  s i z e s  were d i s t r i b u t e d  n e a r l y  uniformly from t h e  

su r f ace  t o  t h e  bottom of t hes t r eam,  but  t h e  sand s i z e s  were found i n  much 

g r e a t e r  c o n c e n t r a t i o n s  near  t h e  bottom. In  g e n e r a l  t h e  r a t i o  of bot tom 

t o  su r f ace  concen t r a t ion  increased wi th  the  s i z e  of t he  sand p a r t i c l e s .  

8. Methods of making sediment  measurements--A s  i ng le  device  h a s  
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not  y e t  been developed which is adapted t o  measuring t h e  sediment c a r r i e d  

i n  a  s t r e a m  under  a l l  c o n d i t i o n s  of movement. Ins t ruments  des igned  t o  

o b t a i n  samples  o f  w a t e r  w i t h  t h e  t r u e  l o a d  of suspended sediment  a r e  

c a l l e d  "suspended load  samplers" o r  "suspended sediment samplers.  " This  

t y p e  of  s ample r ,  however, is no t  s u i t a b l e  f o r  measur ing  t h e  s a l t a t i o n  

load o r  t h a t  which r o l l s  o r  s l i d e s  a long  t h e  s t ream bed. I n  t hese  types  

of motion the  m a t e r i a l  moves w i t h  a  v e l o c i t y  somewhat d i f f e r e n t  from t h e  

s t r eam v e l o c i t y  and, t h e r e f o r e ,  cannot  be c o r r e c t l y  e s t i m a t e d  from t h e  

amount which is t rapped  i n  a u n i t  volume of water.  Moreover, it i s  v e r y  

d i f f i c u l t  t o  measure t h e  v e l o c i t y  of t h e  water  nea r  t h e  bottom where t h i s  

type  of movement t akes  place.  The amount of sediment moving pe r  u n i t  t ime 

by r o l l i n g ,  s l i d i n g ,  and s a l t a t i o n  can be determined by t r app ing  t h e  quan- 

t i t y  moving i n  s m a l l  p o r t i o n s  of  t h e  wid th  of t h e  s t r e a m  and combining 

these  obse rva t ions  w i t h  t h e  wid th  over which t h e  motion occurs  t o  o b t a i n  

t h e  t o t a l  amount moved. Samplers des igned  f o r  t h i s  work a r e  commonly 

c a l l e d  "bed-load s a m p l e r s ,  " a s  t h e y  measure t h e  q u a n t i t y  o f  s ed imen t  

c a r r i e d  n e a r  the bed. 

Many suspended sediment  samplers  w i l l  t r a p  some o f  t h e  s a l t a t i o n  

load  i f  p l a c e d  s o  n e a r  t h e  bot tom t h a t  t h e  i n t a k e  i s  i n  t h e  r e g i o n  of 

s a l t a t i o n  load  movement, and i f  t h e  s c r e e n s  used i n  t h e  c o n s t r u c t i o n  of 

bed- load  s a m p l e r s  a r e  v e r y  f i n e ,  t h e y  may t r a p  some of t h e  suspended 

load. The e r r o r s  r e s u l t i n g  from an overlapping of t he  sampling zones a r e  

u s u a l l y  regarded  a s  be ing  s o  sma l l  t h a t  t hey  can be neglected.  An accu- 

r a t e  de te rmina t ion  of t h e  sediment c a r r i e d  by a  s t ream would r e q u i r e  mea- 

surement of bo th  suspended load and bed-load. Usual ly,  however, t h e  na- 

t u r e  of t he  problem is s u c h  t h a t  i t  is cons ide red  n e c e s s a r y  t o  measure 
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only  t h e  suspended load. It is sometimes p o s s i b l e  t o  cons t ruct  a  drop,  

over which both  bed and suspended loads pass, where both can be sampled 

a t  t h e  same t i m e  by  pass ing a  s u i t a b l e  sampler  through the  overf lowing 

nappe. Toobtain an accurate measuremnt of the t o t a l  load ca r r i ed  by the  

stream, t i m e  must be allowed f o r  the  pool above the  drop t o  be  f i l l e d  and 

sediment s torage  in  it t o  cease. 
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I I I. MEA.SUREMENT OF SUSPENDED SEDImNT DISCHARGE 

9. General conditions--Measurements of suspended sediment a r e  usu- 

a l l y  made t o  determine t h e  amount of  sediment carp ied  i n  t he  e n t i r e  c r o s s  

s e c t i o n  of t he  stream, o r  t o  determine both t h e  sediment load and t h e  par-  

t i c l e  s i z e  d i s t r i b u t i o n  i n  the  e n t i r e  c ros s  s e c t i o n  o r  a t  some p a r t i c u l a r  

po in t  o r  p o i n t s  i n  t h e  stream. Measurement of t h e  t o t a l  suspended s e d i -  

ment load (not inc luding  bed-load) has been and w i l l  probably cont inue t o  

be t h e  predominant phase of sediment  e x p l o r a t i o n  bu t  g r e a t e r  emphasis  

w i l l ,  no doubt ,  be placed upon s t u d i e s  of p a r t i c l e  s i z e  and t h e i r  d i s t r i -  

bu t ion  than  he re to fo re .  The development o f  t he  furbulence  theory  of sus-  

pended sediment t r a n s p o r t a t i o n  has shown t h a t  t h i s  type of  informat ion is 

n e c e s s a r y  f o r  t h e  s o l u t i o n  of  p r a c t i c a l l y  a l l  sediment  problems which 

a r i s e  i n  connect ion w i t h  engineer ing  p r o j e c t s .  

The d i s c u s s i o n  which fo l lows  w i l l  be confined l a r g e l y  t o  methods of 

de t e rmin ing  t o t a l  suspended sediment  l oad  because  of t h e  probable  p r e -  

dominance of t h i s  phase of  sediment work i n  t h e  fu tu re .  However, it w i l l  

app ly  a l s o  t o  o t h e r  phases of sediment i n v e s t i g a t i o n ,  because t h e  d e t e r -  

mina t ion  of  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  a s t r eam i s  u s u a l l y  made from 

samples obta ined  in  t h e  same manner a s  t h o s e  used f o r  t he  measurement of 

t o t a l  suspended sediment .load. A d i scuss ion  oELhe rnethodsused t o  d e t e r -  

mine t h e  t o t a l  suspended sediment load of a s t ream w i l l ,  t he re fo re ,  cover  

t h e  g r e a t  m a j o r i t y  of problems i n  f i e l d  wosk connected wi th  sediment ob- 

s e r v a t  ions. 

I f  t h e  sed iment  c a r r i e d  i n  suspens ion  were un i fo rmly  d i s t r i b u t e d  

throughout a s t ream c ros s  s ec t ion ,  it would be a comparatively simple pro- 
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cedure t o  de te rmine  t h e  t o t a l  suspended sediment load.  A s i n g l e  sample 

taken  a t  any p o i n t  would then  i n d i c a t e  t h e  sediment concen t r a t ion  o r  t h e  

weight of sediment per  u n i t  volume of water. The sediment d ischarge  would 

.be the  product of t h e  s e d i m n t  concen t r a t ion  and t h e  water  d i scharge .  Un- 

fo r tuna te ly ,  however, the concent ra t ion  of f l u v i a l  s e d i m n t  v a r i e s  more o r  

l e s s  throughout any c r o s s  s e c t i o n  of a stream. To obta in  an accu ra t e  m a -  

surement of sediment d ischarge,  t h e r e f o r e ,  t hese  v a r i a l  io-ns must be taken  

i n t o  account.  It is not  s u f f i c i e n t  t o  o b t a i n  t h e  average of t h e  concen- 

t r a t i o n s  a t  t h e  va r ious  p o i n t s  i n  t h e  c ros s  s e c t i o n ,  bu t  t h e  v e l o c i t y  of 

t h e  w a t e ~  a t  each  p o i n t  must a l s o  be considered because t h e  r a t e  of  s ed i -  

ment t r a n s p o r t a t i o n  is d i r e c t l y  p ropor t iona l  t o  t h e  water  ve loc i ty .  

S e d i m n t  concen t r a t ions  a r e  o r d i n a r i l y  determined i n  t he  l a b o r a t o r y  

from samples of t h e  wster-sediment mixture obtained wi th  a  suspended sed- 

iment sampler.  The cor responding  wa te r  v e l o c i t y  and d i scha rge  a r e  usu- 

a l l y  determined from c u r r e n t  meter measurement. The product of sediment 

concent ra t ion  and v e l o c i t y  equals  t h e  sediment d ischarge  per  u n i t  a r e a  a t  

the  point  o r  v e r t  i c a l  measured i n  t h e  stream. Each de termina t ion  i s  con- 

s i d e r e d  r e p r e s e n t a t i v e  o f  t h e  sed iment  d i s c h a r g e  i n  a  segment of  t h e  

s t r eam c r o s s  s e c t i o n ,  t h e  s i z e  of  which depends upon t h e  u n i f o r m i t y  o f  

sediment concen t r a t  ion  and treloc i t y .  The mean sediment concent ra t  ion of 

t h e  c ros s  s e c t i o n  is  obtained from t h e  ind iv idua l  determinat ions weighted 

according t o  t h e  a r e a  each represents .  When depth- i n t eg ra t ed  samples a r e  

t aken  a t  sampling v e r t i c a l s  r ep re sen t ing  a r e a s  of  equal  water  d i scha rge ,  

t h e  product o f  t h e  s t r eam d i scha rge  and t h e  mean sediment  concen t r a t  i o n  

determined from t h e  combined samples is cons idered  r e p r e s e n t a t i v e  of  t h e  

sediment d i scha rge  f o r  t he  e n t i r e  c ross  s e c t i o n  of  t he  stream, 
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10. Determination of water  d i scharge  from v e l o c i t y  d i s t r i b u t i o n  i n  

streams--The water  v e l o c i t y  i n  a  s t ream v a r i e s  from poin t  t o  poin t  i n  any 

c ros s  s e c t i o n .  It is u s u a l l y  h ighe r  nea r  t h e  c e n t e r  of t h e  s t ream t h a n  

a t  the  banks, and i t  is a l s o  h igher  nea r  t h e  s u r f a c e  than  a t  t h e  bottom. 

The maximum v e l o c i t y  u s u a l l y  o c c u r s  j u s t  below t h e  s u r f a c e  a l o n g  t h e  

thalweg of t h e  stream. The v e l o c i t y  d i s t r i b u t i o n  i n  a  c ros s  s e c t i o n  of a  

r e l a t i v e l y  s t r a i g h t  n a t u r a l  s t ream is represented  in  Fig. 4a. The magni- 

t u d e s  of t h e  v e l o c i t i e s  a t  v a r i o u s  p o i n t s  normal  t o  t h e  c r o s s  s e c t i o n  

A B C D E F a r e  ind ica ted  by arrows. For example, t h e  l eng th  of arrow CG 

represents  t h e  v e l o c i t y  a t  t h e  s u r f a c e  of t h e  water  a t  po in t  C. The mean 

v e l o c i t y  of t h e  s t ream a t  t h e  s e c t i o n  would be the  a r i t hme t i c  mean of t h e  

v e l o c i t i e s  a t  a l l  p o i n t s  i n  t h e  s e c t i o n ,  o r  t h e  average d i s t ance  between 

t h e  plane p a s s i n g  through A B C D E F and t h e  i r r e g u l a r  su r f ace  p a s s i n g  

through t h e  p o i n t s  of t h e  arrows which might be pro jec ted  from a l l  p o i n t s  

i n  t he  c r o s s  s e c t i o n .  The s o l i d  made up of  t h e  v e l o c i t y  arrows f o r  a l l  

po in ts  i n  t h e  c r o s s  s ec t ion ,  a s  descr ibed  by t h e  fou r  l i n e s  jo in ing  A and 

D i n  Fig. 4a, can  be considered t o  r ep re sen t  t h e  discharge of  the  s t ream,  

The volume of t h i s  s o l i d  of w a t e r  d i v i d e d  by t h e  a r e a  of c r o s s  s e c t  i o n  

A B C D E F would determine the  mean ve loc i ty .  

To o b s e r v e  t h e  v e l o c i t y .  a t  e v e r y  p o i n t  i n  a  c r o s s  s e c t i o n  i s .  o f  

course imprac t i ca l .  Observations a r e  made a t  a  number of s y s t e m a t i c a l l y  

. l o c a t e d  p o i n t s  and i t  i s  assumed t h a t  t h e  v e l o c i t y  v a r i e s  between ob- 

s e rved  p o i n t s  a c c o r d i n g  t o  some r e a s o n a b l e  r u l e .  Usua l ly  a  number of 

v e r t i c a l s  i n  t h e  c r o s s  s e c t i o n  a r e  s e l e c t e d  and t h e  v e l o c i t y  is measured 

a t  one o r  more p o i n t s  i n  each  v e ~ t i c a l .  From e x t e n s i v e  i n v e s t i g a t i o n s  

i t  has  been l e a r n e d  t h a t  t h e  mean v e l o c i t y  i n  a  s t r e a m  v e r t i c a l  c a n  
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usua l ly  be determined wi th  an ample degree of  accuracy  from measurements 

a t  one o r  only a  few proper ly  s e l e c t e d  poin ts  i n  t he  v e r t i c a l .  It i s  cus- 

tomary t o  assume t h a t  the v e l o c i t y  between ad jacen t  v e r t i c a l s  i s  equal  t o  

t he  average of  t h e  v e l o c i t i e s  observed a t  t h e  two v e r t i c a l s .  For example, 

t h e  v e l o c i t y  a t  e v e r y  poin t  i n  t h e  a r e a  between t h e  v e r t i c a l s  BF and CE 

( ~ i ~ .  4a)  i s  assumed t o  be equa l  t o  t h e  average of those  measured i n  t h e  

two v e r t i c a l s .  Thedischarge f o r  t h e  s e c t i o n  between the  v e r t i c a l s  BF and 

CE i s  ob ta ined  by mul t ip ly ing  the  a r e a  £3 C E F  by t h e  mean v e l o c i t y  f o r  

t h e  s e c t i o n ,  and a  summation of a l l  t h e s e  products  i n  t h e  c ros s  s e c t i o n  

i s  equal  t o  t he  t o t a l  water  discharge of  t h e  stream. 

11. D e t e r m i n a t i o n  o f  sediment  d i s c h a r g e  --The suspended sediment  

concent ra t ion  i n  a  flowing s tream u s u a l l y  v a r i e s  from the  su r f ace  t o  t h e  

bottom, and i n  some ins tances  from s i d e  t o  s ide .  The sediment d i s t r i b u -  

t i o n  might be r e p r e s e n t e d  a s  shown i n  Fig. 4b where t h e  l e n g t h s  of  t h e  

arrows r e p r e s e n t  t h e  sediment concent ra t ions  a t  p o i n t s  i n  t h e  c r o s s  s ec -  

t i o n  used t o  show v e l o c i t i e s  i n  Fig. 4a. Fig. 4d represents  the  v e l o c i t y  

d i s t r i b u t i o n  a t  v e r t i c a l  CE, andFig. 4e the  d i s t r i b u t i o n  of sediment con- 

c e n t r a t i o n  i n  t h a t  v e r t i c a l .  The sediment d ischarge  values i n  t h e  v e r t i -  

c a l  CE shown i n  Fig.  4f a r e  obtained by m u l t i p l y i n g  t h e  v e l o c i t y  va lues  

i n  & by t h e  cor responding  c o n c e n t r a t i o n  va lues  i n  g .  I n  cons ide r ing  

t h e  u n i t s  used i n  t h e  v e l o c i t y  and c o n c e n t r a t i o n  curves  one should keep 

i n  mind t h a t  v e l o c i t y  may be represented a s  volume per  u n i t  time per  u n i t  

a r e a ,  t h a t  c o n c e n t r a t i o n  may be expressed a s  weight of sediment pe r  u n i t  

volume, and t h a t  t h e  product of t h e  two equals  weight of sediment per  u n i t  

o f  time per  u n i t  of a r ea .  

The t o t a l  sediment  d i s c h a r g e ,  o r  t h e  weight  of  suspended sediment  
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pass ing  t h e  c r o s s  s e c t i o n  per  u n i t  t ime, is r ep resen ted  by t h e  volume of 

t h e  s o l i d  i n  Fig.  4c i n  t he  same way t h a t  t he  wa te r  d i scha rge  is repre- -  

sen ted  in  Fig. 4a. It i s  assumed t h a t  the  average sediment d ischarge  per  

u n i t  a r e a  between two v e r t i c a l s  i s  e q u a l  t o  t h e  mean of t h e  d i scha rges  

observed a t  t h e  i n t e r v a l s .  The product of t h i s  average and the  a r e a  be- 

tween t h e  v e r t i c a l s  g ives  t h e  t o t a l  sediment discharge f o r  t h i s  a r ea .  For 

p r a c t i c a l  reasons t h e  sediment concen t r a t ion  cannot be observed a t  e v e r y  

, p o i n t  i n  a  v e r t i c a l ,  and the  number of v e r t i c a l s  t e s t e d  must be l i m i t e d .  

2  Observed v e r t i c a l  d i s t r i b u t i o n  of suspended sediment--For many 

yea r s  it has been known t h a t  t he  c o n c e n t r a t i o n  of sediment tends  t o  in-  

c r e a s e  from t h e  s u r f a c e  t o  t h e  bottom of a  s t ream. This  c h a r a c t e r i s t i c  

of t h e  concen t r a t ion  g rad ien t  has been v e r i f i e d  by p r a c t i c a l l y  a l l  known 

sediment observat ions.  Comparisons of  t h e  mean r a t i o s  o f  sediment concen- 

t r a t i o n s  found a t  mid-depth and bot tom t o  t h a t  a t  t h e  s u r f a c e  f o r  t h e  

s e t s  of observa t ions  on which d a t a  a r e  a v a i l a b l e  a r e  s m a r i z e . d  i n  Fig.  5. 

The measurements were made i n  a  l a r g e  number of r i v e r s  of  t h e  Uni ted  

S t a t e s  and o t h e r  coun t r i e s .  Detai led information regarding these  measure- 

ments is given i n  Table 3 of Report No. 1. In  n e a r l y  a l l  comparisons t h e  

c o n c e n t r a t i o n s  a t  t h e  mid-depth and a t  t h e  bottom were g r e a t e r  t h a n  a t  

t h e  su r f ace .  The bot tom c o n c e n t r a t  ion  r a t i o s  were always g r e a t e r  t h a n  

t h e  mid-depth r a t i o s .  The c h a r t  a l s o  i n d i c a t e s  t h a t  50 pe rcen t  of t h e  

mid-depth samples and 77 percent  of  t h e  bottom samples exceeded t h e  cor -  

responding s u r f a c e  concent ra t  ions more than  10 percent ,  and t h a t  30 per-  

c e n t  of  t h e  mid-depth and 56 percent  of t h e  bottom samples exceeded cor -  

respond ing su r f ace  concent ra t  ions more than  20 percent .  Each va lue  shown 

i n  Fig. 5 i s  t h e  mean of a  number of observa t ions  a t  a  s i n g l e  s t a t i o n ,  t h e  
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observat ions a t  some s t a t  ions numbering over  1000. Theref ore ,  i n  prepar- 

ing Fig. 5 e q u a l  weight was given not t o  each  observa t ion  but  t o  t h e  av- 

e r age  value f o r  each sampling s t a t i o n .  

13. S e l e c t i o n  of sampling p o i n t s  i n  a  v e r t i c a l - - T h e  wide r a n e e  

covered i n  t h e  r a t i o s  of sediment concen t r a t ion  i n  Fig. 5 emphas i z e s  +.L 

d i f f i c u l t y  of s e l e c t i n g  sampling po in t s  which w i l l  t a k e  cognizance 91' :;I i 

t h e  p o s s i b l e  v a r i a t i o n s  i n  t he  v e r t i c a l  d i s t r i b u t i o n  of suspended sedi - -  

ment. Engine::rs have rec'ognized t h e  d i f f i c u l t y  of determining the  d i s t r i -  

but  ion of sediment and have devised many methods o f  s o l v i n g  t h i s  problem. 

Var i a t ions  i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of suspended sediment have been 

accounted f o r  i n  the  fol lowing ways: 

a. By t a k i n g  samples a t  enough p o i n t s  t o  e s t a b l i s h  t h e  
v e r t i c a l  d i s t r i b u t i o n  wi th  t h e  requi red  degree of accuracy. 

b. By a p p l y i n g  c o r r e c t i o n  f a c t o r s ,  based on previous  - 
observa t ions ,  t o  samples taken a t  d e f i n i t e  l o c a t  ions.  

c. By t a k i n g  samples which i n t e g r a t e  t h e  concen t r a t ion  
throughout t h e  depth. 

Sampling methods ased i n  sediment  i n v e s t i g a t i o n s  i n  t h e  p a s t  have 

i n d i c a t e d  dec ided  v a r i a t  ions i n  accuracy.  Somet imes t h e  procedure was 

based on a  thorough c o n s i d e r a t i o n  of t h e  p r i n c i p l e s  involved ,  wh i l e  i n  

o the r  i n s t ances  t h e  sampling poin ts  were s e l e c t e d  i n  a  more o r  l e s s  a r b i -  

t r a r y  manner, g e n e r a l l y  f o r t h e  gurpose of s imp l i fy ing  t h e  r u l e s  t o  i n su re  

uni formi ty  of sampling prac t  ice.  Empir ical  methods were sometimes used i n  

choosing sampling p o i n t s  and c o e f f i c i e n t s  based on r e s u l t s  of more e x a c t  

sampl ing  p rocedures  were a p p l i e d  t o  t h e  d a t a .  S e m i - r a t i o n a l  methods, 

based on a n  a n a l y s i s  of t he  p r i n c i p l e s  involved i n  sampling f l u v i a l  s ed i -  

ment and combined wi th  s impl i fy ing  assuniptions, have a l s o  been used. 
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The f o l l o w i n g  a r e  some of t h e  more common methods which have been 

used t o  o b t a i n  the  sediment concent ra t  ion i n  a  v e r t i c a l :  

a. A s  ing le  sample taken a t  t he  sur face .  - 
b. A s i n g l e  sample taken a t  0.6 depth. 

c. Two samples, one taken  a t  t he  sur face ,  and t h e  o t h e r  
a t  t h e  bottom, weighted equal ly .  

&. Three samples, t aken  a t  su r f ace ,  mid-depth, and bot- 
tom, we ighted equal ly.  

e .  Three samples, taken a t  su r f ace ,  mid-depth, and bot- - 
tom, w i t h  t h e  mid-depth sample given tw ice  t h e  weight of t h e  
o t h e r s  . 
The accu racy  of t h e s e  methods can  be expected t o  i nc rease  w i t h  t h e  

number of samples.  Taking samples a t  t h e  s u r f a c e ,  t h e  s imp les t  method, 

i s  we l l  s u i t e d  t o  u n s k i l l e d  obse rve r s ,  b u t ,  because c o e f f i c i e n t s  a p p l i -  

cab le  t o  s u r f a c e  samples cannot be depended on, t h i s  method is t h e  l e a s t  

accurate .  It is e s p e c i a l l y  undes i rab le  f o r  s i z e  a n a l y s i s  s i n c e  the  l a r g e r  

p a r t i c l e s  a r e  u sua l ly  not found a t  t he  su r f ace  of t he  stream. 

Sampling a t  0.6 depth has been used in  some streams in Texas, Ind ia ,  

and Turkss t an  wi th  apparent  s a t i s f a c t o r y  r e s u l t s ,  bu t  f o r  o t h e r  s t reams 

t h i s  met hod might y i e l d  i naccu ra t e  t e s t  d a t a .  This method would a l s o  be 

un re l i ab l e  f o r  s i z e  ana lys i s .  Sampling a t  two poin ts  i n  a  v e r t i c a l ,  sur -  

f a c e  and bottom, has d o u b t f u l  a c c u r a c y  a l t h o u g h  it is p r e f e r r e d  t o  t h e  

method 0.f sampling o n l y  a t  t h e  su r f ace .  I f  t h e  s u r f a c e  and bottom sam- 

p l e s  have t h e  same volume, a  s i n g l e  a n a l y s i s  can  be made of  the  samples 

combined. 

The second o f  t h e  t h r e e - p o i n t  methods i s  p r e f e r a b l e .  The mean of 

the upper h a l f  of the discharge w i l l  be represented  by t h e  average of the 

sur face  and mid-depth values,  and t h e  mean of t h e  lower h a l f  by t h e  aver -  



age of t h e  mid-depth and bottom. Thus i n  de t e rmin ing  t h e  mean f o r  t h e  

whole s t ream the  mid-depth value i s  given a  double weight r e l a t i v e  t o  t h e  

bottom and su r f ace .  A composite sample made up of two samples from mid- 

dep th  and one each  from the  su r f ace  and bottom, a l l  o f  equa l  volume, can  

be used f o r  bo th  concen t r a t ion  and s i z e  ana lyses .  The methods invo lv ing  

t h r e e  samples a r e  more accu ra t e  t h a n  t h e  s u r f a c e  and bottom method, and 

they  a r e  s u f f i c i e n t l y  simple t o  be handled by unsk i l l ed  observers.  

A number of more complex sampling methods such  a s  t h e  S t raub ,  Luby, 

depth- in tegra t ion ,  andprec i s e  methods have been developed f o r  determining 

t h e  average sediment coneentrat  ion i n  a  v e r t i c a l .  I n  genera l ,  these  meth- 

ods a r e  based upon d e t a i l e d  ana lyses  of t h e  f a c t o r s  which in f luence  t h e  

movement of sediment loads  i n  streams. 

The Straub method, which was developed dur ing  inves t iga t ions  of sed- 

iment t r a n s p o r t a t i o n  i n  t h e  Missouri  River  system ( l o ) ,  is based on t h e  

assumptions t h a t  t h e  v e r t i c a l  d i s t - r i b u t i o n  of v e l o c i t y  fo l lows  a n  expo- 

n e n t i a l  law, and t h a t  t h e  sediment concen t r a t ion  increases  from t h e  s u r -  

face t o  t h e  bottom according t o  a  l i n e a r  r e l a t i o n s h i p ,  These assumptions 

c l o s e l y  approximated t h e  observed cond i t i ons  i n  t h e  Missouri River ,  and 

it is probable t h a t  most s t reams of moderate s l o p e  do no t  d e p a r t  wide ly  

from them. The fo l lowing  r e l a t i o n s h i p  was de r ived  f o r  sediment concen- 

t r a t i o n  i n  t h e  Missouri River, 

where S, t he  mean concen t r a t ion  i n  a  v e r t i c a l ,  was found by adding 3/8 of 

t h e  c o n c e n t r a t i o n  determined from a sample taken  a t  0.8 dep th  t o  5/8 of 

t h a t  determined from a sample a t  0.2 depth. Requir ing on ly  two samples,  
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t h i s  method i s  q u i t e  simple and, a s  w i l l  be shown i n  Sec t ion  14, i t  ap- 

pears  t o  g ive  a c c u r a t e  r e s u l t s  over  a  cons ide rab le  range of cond i t i ons .  

Thie sampling method may not be s a t i s f a c t o r y ,  however, i f  sediment s i z e  

analyses  a r e  requi red .  

The Luby method was o r i g i n a t e d  i n  s ed imen t  s t u d i e s  i n  t h e  Upper 

Mis s i s s ipp i  R ive r  v a l l e y .  Bas i ca l ly ,  t h i s  method c o n s i s t s  i n  o b t a i n i n g  

samples from a r e a s  of equal  water discharge.  To ob ta in  samples r ep re sen t -  

ing equal  po r t ions  of t he  water discharge t h e  a r e a  under t he  v e r t i c a l  ve- 

l o c i t y  curve i s  d iv ided  i n t o  equal  p a r t s  and t h e  sampling po in t s  a r e  lo-  

cated a t  t h e  c e n t r o i d s  of t hese  a r eas .  I f  t h e  samples a r e  equa l  i n  vo l -  

ume t h e y  can  be combined and t h e  composite used t o  de t e rmine  b o t h  t h e  

mean sediment c o n c e n t r a t  ion and p a r t i c l e  s  i z e  composi t ion i n  t h e  v e r t  i- 

c a l .  A d e t a i l e d  d e s c r i p t i o n  of t h i s  method is g iven  on pages 68-72 i n  

Report No. 1. 

The d e p t h -  i n t e g r a t i o n  method of  s a m p l i n g  suspended  sed imen t  i n  

streams is based on t h e  premise t h a t  t h e  sampler  f i l l s  a t  a  r a t e  propor- 

t i o n a l  t o  t h e  v e l o c i t y  of  t he  approaching f low,  and t h a t  by t r a v e r s i n g  

t h e  d e p t h  of a  s t r e a m  a t  a  un i form speed  t h e  sample r  w i l l  r e c e i v e  a t  

every po in t  i n  t h e  v e r t i c a l  a  smal l  ins tan taneous  s p e c i m n  of t he  water-  

sediment mixture,  t h e  volume of  which w i l l  be p ropor t iona l  t o  t h e  ins tan-  

taneous v e l o c i t y .  Only t h e  s l o w - f i l l i n g  type  of sampler is s u i t a b l e  f o r  

d e p t h - i n t e g r a t i o n .  The sampler  is lowered t o  t h e  bottom of t h e  s t r e a m  

a t  a  uniform r a t e  and r a i s e d  aga in  t o  t he  s u r f a c e  a t  another  but not  nec- 

e s s a r i l y  equa l  r a t e ,  sampling cont inuously dur ing  both periods of t r a n s i t ,  

o r  i t  may be des igned  t o  sample one way only.  However, i f  t h e  sampler  

i s  opened a t  t h e  bottom of t h e  s t r eam and t h e  v e r t i c a l  i s  i n t e g r a t e d  on 
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t h e  ascending t r i p  only, t h e  a i r  p ressure  i n  t he  con ta ine r  a t  t h e  t ime of 

opening must be ba lanced  w i t h  t h e  h y d r o s t a t i c  p r e s s u r e  su r round ing  t h e  

sampler .  The d e p t h -  i n t e g r a t  i o n  met hod of s ampl ing  r e q u i r e s  o n l y  one 

sample from each  v e r t i c a l  and g ives  a  f a i r l y  r e l i a b l e  average of t h e  s i z e  

d i s t r i b u t i o n  of t h e  p a r t i c l e s  i n  t he  stream. 

The p r e c i s e  method r e q u i r e s  v e l o c i t y  and sediment c o n c e n t r a t i o n  de- 

t e rmina t ions  a t  s e v e r a l  po in t s  i n  each v e r t i c a l .  Concentrat ion and ver-  

t i c a l  v e l o c i t y  curves a r e  drawn from t h e s e  d a t a ,  a s  shown in  Fig. 4, and 

t h e  mean sediment concent ra t ion  is determined a s  descr ibed in  t h e  d i scus -  

s i o n  of t h a t  f i gu re .  This method is more labor ious  than  would o r d i n a r i l y  

be j u s t  i f  ied f o r  r o u t i n e  sediment i n v e s t i g a t i o n s .  However, it does pro- 

v ide  a  means f o r  de te rmining  a c c u r a t e l y  t h e  suspended sediment load  and 

f o r  making a  complete a n a l y s i s  of  t h e  v e r t i c a l  d i s t r i b u t i o n  of p a r t i c l e  

s i z e .  

14. Accuracy of t h e  va r ious  methods of  po in t  sampling i n  a  v e r t i -  

cal--In gene ra l ,  t h e  accuracy of  po in t  sampling is a  func t ion  of t h e  num- - 
bey of sampl ing  p o i n t s  and v a r i e s  i n v e r s e l y  w i t h  t h e  coarseness  o f  t h e  

sediment. &asonably  a c c u r a t e  r e s u l t s  w i l l  be obta ined  w i t h  any method 

descr ibed i n  t h e  preceding paragraphs i f  t h e  suspended m a t e r i a l  is exclu-  

s i v e l y  w i t h i n  t h e  s i l t  range. However, t h e  magnitude of e r r o r  i n c r e a s e s  

w i t h  i n c r e a s i n g  p a r t i c l e  s i z e s .  The e r r o r s  i n h e r e n t  i n  t h e  s i m p l e r  

methods can be r e a d i l y  v i sua l i zed  i n  Fig. 6. P a r t s  2 and b show sed i -  

ment d i s t r i b u t i o n  curves t y p i c a l  of f i n e  and coarse sediments r e spec t ive -  

l y .  To s i m p l i f y  t h e  i l l u s t r a t i o n ,  it may be assumed t h a t  t h e  v e l o c i t y  

is  uni form from s u r f a c e  t o  bot tom and t h a t  t h e  a r e a  i n c l o s e d  by e a c h  

curve i s  a  measure of t he  mean concent ra t ion  of s e d i m n t  i n  t h e  v e r t i c a l .  
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The concentra t  ions which would be ind ica ted  by one sample taken a t  t h e  

surface  a r e  shown by the  crosshatched a reas  i n  g and a. A comparison 

of these  areas  with the  inclosed areas i n  g and b w i l l  show t h a t  the 

concentrat ions obtained by the  surface  method a r e  l e s s  than the t rue  mean 

concentrat ions f o r  both f ine  and coarse sediments, and t h a t  the  e r r o r  is 

much l a r g e r  f o r  coarse sediments. The crosshatched areas  i n  g and f 

represen t  t he  concentra t  ion obtained from a s i n g l e  sample taken a t  0.6 

depth. The r e s u l t s  a r e  b e t t e r  f o r  both  f i n e  and coarse ma t e r i a l  than  

those obtained from the surface sample. From g and it w i l l  be seen 

t h a t  samples taken a t  t he  su r face ,  mid-depth, and bottom wi th  mid-depth 

weighted twice, ind ica te  concentrat ions which a r e  too high and t h a t  t he  

e r r o r  increased a s  the  pa r t i c l e  s i z e  increases. 

Point sampling methods have not been compared i n  a su f f i c i en t  number 

of t e s t s  t o  e s t ab l i sh  t h e i r  r e l a t i ve  accuracy under natura l  stream condi- 

t i ons .  Because of t h e  wide d i f f e r e n c e s  found i n  s t ream cond i t i ons  a 

g r e a t  d e a l  of s t u d y  w i l l  be necessary  before  t h e  mer i t s  of r e spec t i ve  

sampling methods can be ascertained. 

The e r r o r s  i n  mean sediment concentrat ion f o r  a v e r t i c a l ,  indicated 

by various point sampling methods, a r e  summarized in  Table 1. It was as- 

sumed t h a t  the sediment was d i s t r ibu ted  v e r t i c a l l y  i n  accordance wi th  the  

turbulence concept and t ha t  the sample taken a t  any point had a sediment 

concen t ra t ion  equa l  t o  t he  average a t  t h a t  po in t .  E r ro r s  inheren t  i n  

sampling methods were computed f o r  var ious  stream veloc it ies, p a r t  i c l e  

s i z e s ,  and channel roughness. Data i n  Table 1 show that no s ing le  method 

i s  accurate f o r  a l l  conditions, although s eve ra l  were found t o  be f a i r l y  

r e l i a b l e  f o r  most average v e l o c i t y  and sediment d i s t r i b u t i o n s  and f o r  
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ord ina ry  s t r eam condi t ions .  Even i n  t he  more accura te  methods the  e r r o r s  

exceed 50 percent  f o r  some l a r g e  s i z e s  and low v e l o c i t i e s .  

A s tudy  was made t o  determine t h e  p r a c t i c a b i l i t y  of  apply ing  c o e f f i -  

c i e n t s  t o  t h e  r e s u l t s  obtained w i t h  t h e  va r ious  sampling methods t o  cor -  

r e c t  e x c e s s i v e  e r r o r s  which occur  under  c e r t a i n  c o n d i t i o n s  a s  shown i n  

Table 1. To use a  c o e f f i c i e n t  when it v a r i e d  r a p i d l y  w i t h  smal l  changes 

i n  s t r e a m  and sed imen t  c o n d i t i o n s  would be u n s a t i s f a c t o r y .  For  s u c h  

s t r e a m  c o n d i t i o n s  it would be a d v i s a b l e  t o  u se  a p o i n t  sampling method 

f o r  which t h e  va lue  of t he  c o e f f i c i e n t  remained f a i r l y  cons tan t  and pref -  

e r a b l y  c l o s e  t o  uni ty .  The c o e f f i c i e n t  was found t o  approach u n i t y  even  

f o r  t h e  l e a s t  a c c u r a t e  methods when sampling c o n d i t i o n s  were f a v o r a b l e ,  

and t h e  c o e f f i c i e n t  was p a r e l y  ou t  of t h e  range  o f  0.9 t o  2.0 f o r  t h e  

more accu ra t e  methods regard less  of sampling condi t ions .  The c o e f f i c i e n t  

app l i cab le  t o  t h e  mean sediment concen t r a t ion  i n  t h e  v e r t i c a l  determined 

from a sample t aken  from a s i n g l e  poin t  is d i scussed  on pages 69 - 72 of  

Report No. 3. %he a n a l y s i s  showed t h a t  t h e  b e s t  po in t s  t o  c o l l e c t  s i a g l e  

samples were between t h e  0.6 and 0.8 depths;  f o r  t h e  l a r g e r  s i z e s  of sed-  

iment a  sampling p o i n t  nea r  t h e  0.8 d e p t h  would be b e s t .  I f  cons ide ra -  

t i o n  is g i v e n  t o  t h e  use  of c o e f f i c i e n t s ,  one s h o u l d  keep i n  mind t h a t  

t h e  v e r t i c a l  v e l o c i t y  and sediment distributions on which t h e y  a r e  based 

must be analogous t o  those of t he  s t ream be ing  s tudied .  

15. Transverse  d i s t r i b u t i o n  of sediment  i n  a  s t r em- -Excep t  below 

important t r i b u t a r i e s  and i n  s t reams w i t h  i r r e g u l a r  c r o s s  s e c t i o n s ,  t h e  

sediment concen t r a t  ion  is  o r d i n a r i l y  f a i r l y  uniformly d i s t r i b u t e d  i n  t h e  

t r a n s v e r s e  d i r e c t i o n .  Water e n t e r i n g  from a t r i b u t a r y  tends  t o  s t a y  on -. . 

i t s  s i d e  of t h e  s t r e a m  f o r  a  cons ide rab le  d i s t a n c e  downstream. If t h e  
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sediment con ten t  of t h e  main and t r i b u t a r y  streams d i f f e r  apprec iab ly ,  t he 

sediment  c o n c e n t r a t i o n  a c r o s s  t h e  s t r e a m  may n o t  become uni form f o r  a  

long d i s t ance  below the  junct ion.  

PEW C E N T  OF TOTAL O B S E R V A T I O N S  
FOR WHICH T H E  CBRRESPBWDING ORDINATES ARE EQUALLED O R  EXCEEDED 

Fig ,  7--Observed t r a n s v e r s e  d i s t r i b u t i o n  
o f  suspended sed imen t  

The a v a i l a b l e  d a t a  on t r a n s v e r s e  sed iment  d i s t r i b u t i o n  g i v e n  i n  

Table '2 of Report No. 1 have been arranged in  Fig, 7 t o  show t h e  observed 

frequency of dev ia t ions  o f  concent ra t ion  fl-om t h e  mean f o r  t he  cross-sec-  

t i on .  A comparison of t h i s  diagram wi th  Fig, 5 ind ica t e s  t h a t  o r d i n a r i l y  
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t h e  t r a n s v e r s e  v a r i a t i o n  of suspended sediment  c o n c e n t r a t  ion  is cons i d e r -  

a b l y  l e s s  t h a n  t h e  v e r t i c a l  v a r i a t i o n .  Under t h e s e  c o n d i t i o n s  t h e  l o c a -  

t i o n  of sampl ing  p o i n t s  a c r o s s  a  s t r e a m  i s  n o t  a s  i m p o r t a n t  a s  t h e  l o c a -  

t i o n  o f  p o i n t s  i n  t h e  v e r t i c a l .  However, u n d e r  c o n d i t  i o n s  o f  v a r y i n g  

d e p t h  th roughout  t h e  s e c t i o n ,  i t  is p o s s i b l e  that t h e  v a r i a t i n n  n f  sed i- 

ment c o n c e n t r a t i o n  is g r e a t e r  f r o m  one s i d e  o f  t h e  s t r e a m  t o  t h e  o t h e r  

t h a n  a t  d i f f e r e n t  p o i n t s  i n  a  g i v e n  v e r t i c a l  s e c t  ion. 

16. Methods used i n  l o c a t i n g  v e r t i c a l  sampl ing  s t a t  i o n s  -Determi- 

n a t i o n  of t h e  number and l o c a t i o n s  o f  v e r t i c a l s  t o  be  sampled s h o u l d  be 

governed by t h e  d e g r e e  of a c c u r a c y  d e s i ~ * e d  i n  t h e  i n v e s t i g a t i o n ,  t h e  s i z e  

and shape of c r o s s  s e c t i o n ,  t h e  r a t i o  of t h e  sediment  l o a d  b e i n g  c a r r i e d  

a t  t h e  t ime of sampl ing  t o  t h e  t o t a l  load  d u r i n g  t h e  pe r iod  under  c o n s i d -  

e r a t i o n ,  and o t h e r  c h a r a c t e r i s t i c s  of t h e  s t ream.  The s i z e  of t h e  s t r e a m  

and t h e  a c c u r a c y  d e s i r e d  are p r o b a b l y  o f  g r e a t e s t  importance.  Al though  

t h e  f i e l d  t e c h n i q u e  used i n  a n y  sediment  i n v e s t i g a t i o n  w i l l  n a t u r a l l y  b e  

dependent upon t h e  r e l a t i v e  importance of t h e s e  f a c t o r s ,  t h e  b a s i c  c r i t e -  

r i o n  f o r  a  r a t i o n a l  s a m p l i n g  t e c h n i q u e  is  t h a t  t h e  v e r t i c a l s  s h o u l d  be 

l o c a t e d  o r  t h e i r  mean c o n c e n t r a t i o n s  weighted w i t h  r e s p e c t  t o  t h e  t r a n s - -  

v e r s e  d i s t r i b u t i o n  of  s t r e a m  d i s c h a r g e  . That i s ,  e i t h e r  t h e  v e r t i c a l s  

s h o u l d  r e p r e s e n t  e q u a l  p a r t s  of t h e  t o t a l  w a t e r  d i s c h a r g e ,  or. t h e  v a l u e  

o f  mean c o n c e n t r a t  i o n  o b s e r v e d  i n  e a c h  v e r t i c a l  s h o u l d  be w e i g h t e d  i n  

p r o p o r t i o n  t o  t h e  pe rcen tage  o f  w a t e r  d i s c h a r g e  which i t  r e p r e s e n t s .  

The methods which  have commonly been used t o  l o c a t e  t h e  t r a n s v e r s e  

p o s i t i o n  of v e r t i c a l s  i n  sediment measurements a r e  a s  f o l l o w s :  

a. S i n g l e  v e r t i c a l  a t  midstream, - 
b_. S i n g l e  v e r t i c a l  a t  thalweg o r  p o i n t  of g r e a t e s t  dep th .  
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c. V e r t i c a l s  a t  1/4,  1/2, and 3 /4  width. - 
&. V e r t i c a l s  a t  1 /6 ,  1/2,  and 5/6 width. 

e.  Four o r  more v e r t i c a l s  e q u a l l y  spaced across  t h e  stream. - 
f .  Ve r t i ca l s  a t  cen t ro ids  of s e c t i o n s  of equal  d i scha rge .  - 

Obviously, t h e  s imples t  p r a c t i c e  is t h e  s e l e c t i o n  of a  s i n g l e  v e r t i -  

c a l  a t  midstream o r  a t  t h e  poin t  of g r e a t e s t  depth. Of these  methods t h e  

l a t t e r  is p r e f e r r e d  because t h e  g r e a t e s t  percentage of discharge genera l -  

l y  occurs i n  t h e  deepes t  p a r t  of t h e  s t ream. However, a  s i n g l e  v e r t i c a l  

should be used only  i n  very  sma l l  s t reams o r  i n  c e r t a i n  types  of r o u t i n e  

sampling. 

Three v e r t i c a l s  loca ted  a t  t h e  1/4, 1/2-, and 3 / 4 p o i n t  i n  a  s t r eam 

c r o s s  s e c t i o n  a r e  f r equen t ly  used. This method provides  more information 

concern ing  t h e  d i s t r i b u t i o n  of sediment and a  more a c c u r a t e  r ep re sen ta -  

t i o n  of sediment d i scha rge  than  t h e  s i n g l e  v e r t i c a l  method. The t h r e e -  

v e r t i c a l  method i s  popular,  no doubt,because of i ts  convenience and prac- 

t i c a b i l i t y  i n  f i e l d  use. 

A few i n v e s t i g a t o r s  have loca ted  t h e  sampling v e r t i c a l s  a t  1/6, 1/2,  

and 5/6 of t h e  s t r e a m  width. This  method has a  r a t i o n a l  j u s t i f i c a t i o n  

when used i n  wide s t r e a m  of uniform d e p t h  and uniform v e l o c i t y  d i s t r i -  

b u t  ion. Under t h e s e  cond i t  ions t h e  v e r t i c a l s  b i s e c t  t h r e e  s e c t  ions of  

equal  discharge.  However, such condi t ions  of strea'm flow a r e  unusual;  i n  

most s t reams t h e  mid-point of equa l  d i scha rge  would occur  approximate ly  

a t  t he  quar te r -poin ts  o r  even c l o s e r  toge ther .  

In  important i n v e s t i g a t i o n s  i t  has been common p r a c t i c e  t o  s e l e c t  a  

r e l a t i v e l y  l a r g e  number of  v e r t i c a l s  a t  e q u a l  i n t e r v a l s  a c r o s s  t h e  

stream. This  method w i l l  g ive  a good i n d i c a t i o n  of t h e  d i s t r i b u t i o n  of  



sediment ac ros s  t h e  stream, bu t  i t  is exac t  only when the  mean concent ra -  

t ion  f o r  each  v e r t i c a l  is weighted w i t h  r e s p e c t  t o  t h e  s t r eam d i s c h a r g e  

i n  t h e  s e c t i o n  represented  by t h e  v e r t i c a l .  

The s e l e c t i o n  of v e r t i c a l s  s o  t h a t  each  r e p r e s e n t s  a n  equa l  p o r t i o n  

of s t r eam d i s c h a r g e  i s  ano the r  r a t i o n a l  p r a c t  i ce .  However, t h i s  method 

is u s u a l l y  o n l y  approximated i n  t h e  f i e l d .  The s e c t i o n s  of equa l  w a t e r  

d i scharge  a r e  determined by v i s u a l  inspec t ion ,  subs t an t i a t ed ,  i n  some in-- 

s t ances ,  by previous s t ream gagings,  and t h e  v e r t i c a l s  a r e  l oca t ed  a t  t h e  

c e n t r o i d s  of t h e s e  s e c t i o n s .  The accu racy  o f  t h i s  method depends t o  a  

l a rge  e x t e n t  upon t h e  judgement and c a r e  used by the  observer i n  d i v i d i n g  

t h e  s t ream c ros s  s ec t ion .  

I n  sma l l  streams and i n  l a r g e r  s t reams where long-period, r o u t i n e  in- 

v e s t  i g a t  ions a r e  being m d e ,  t h e  method of s e l e c t i n g  v e r t i c a l s  s o  t h a t  a l l  

o f  them r e p r e s e n t  equal  q u a n t i t i e s  of d i scha rge ,  can be s i m p l i f i e d  some- 

what. I f  on ly  one v e r t i c a l  i s  t o  be sampled, i t  should be loca t ed  s o  a s  

t o  r e p r e s e n t  t h e  g r e a t e s t  po r t ion  of t h e  s t ream discharge.  If two o r  more 

v e r t i c a l s  a r e  used, t h e  c ros s  s e c t i o n  i s  divided i n t o  a reas  of equa l  d i s -  

charge  w i t h  t h e  v e r t i c a l  f o r  e a c h  a r e a  l o c a t e d  not  a t  i t s  c e n t e r  b u t  a t  

t h e  p o i n t  d i v i d i n g  i t  a g a i n  i n t o  two s m a l l e r  a r e a s  of equa l  d i s c h a r g e .  

When t h e  number of v e r t i c a l s  becomes l a r g e  r e l a t i v e  t o  t h e  wid th  o f  t h e  

s t ream,  e a c h  a r e a  can  be sampled a t  i t s  exac t  middle without  a p p r e c i a b l e  

e r r o r .  

17. S e l e c t  ion  of v e r t i c a l s  a c r o s s  t h e  s t r e a m  r e p r e s e n t i n g  e q u a l  

discharges--A r e l a t i v e l y  simple g r a p h i c a l  method devised by M r .  E.W. Lane 

f o r  l o c a t i n g  sampl ing  p o i n t s  which r e p r e s e n t  e q u a l  p ropor t  ions  o f  t h e  

t o t a l  d i scharge  i s  i l l u s t r a t e d  by Figs.  8 and 9. The discharge d i s t r i b u -  
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t i o n  i n  a  r i v e r  c ros s  s e c t i o n  f o r  varying s t a g e s  is shown i n  Fig. 8, a s  a 

cumulative percentage of t he  t o t a l  discharge.  In  t he  development of this 

DISTANCE - F T. 

Fig. 8--Discharge d i s t r i b u t i o n  i n  c ros s  s e c t  ion 
o f  Iowa River a t  Iowa C i t y  

graph, t h e  d i s t a n c e s  t o  p o i n t s  of e q u a l  f r a c t i o n s  of  d i scha rge ,  t h a t  is, 

5 ,  10, 15 pe rcen t ,  e t c . ,  were determined f o r  d i f f e r e n t  s t a g e s  from d i s -  

t r i b u t i o n  of  f low diagrams such  a s  t hose  i l l u s t r a t e d  i n  Fig.  9a. Thi s  
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FIG. 

a. I N D I V I D U A L  M E A S U R E M E N T S  OF D I S C H A R G E  - 

'0 2 0  4 0  6 0  80 100 120 140 160 180 200  220 240  260 280 300  

DISTANCE -- FT 

b- DISCHARGE V A R I A T I O N  W I T H  G A G E  H E I G H T  - 

9 - DISCHARGE DISTRIBUTION IN CROSS SECT ION 

OF IOWA R I V E R  AT I O W A  C I T Y  
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process w a s  repeated f o r  a s u f f i c i e n t  number of discharge measurements t o  

cover t h e  des i red  range i n  s t age ,  and smooth curves o r  contours were drawn 

t o  represent  various percentages of discharge f o r  a l l  s tages.  

In  Fig. 9b the  percentages of discharge a r e  p lo t ted  a s  ordinates  and 

the d i s t a n c e  t o  po in t s  of observation a s  absc i s sas  f o r  various s t a g e s  of 

the  r ive r .  The loca t ion  o f v e r t i c a l s  t o  be sampled can be determined from 

the  information given i n  Table 2 and Fig. 9b. For example, Table 2 shows 

t h a t  six  ampl ling points  should be located where the cumulative mean d i s -  

TABLE 2 

LOCATIONS OF VERTICALS FOR SECTIONS OF EQUAL DIEXXIARGE 

charges a r e  8, 25, 42, 58, 75, and 92 percent  of  the  t o t a l .  Fig 9b shows 

t h a t  f o r  a gage height  of  4 .0  f e e t  t h e  s i x  samples should be located  92, 

114, 134, 157, 180, and 215 f e e t  from the  reference s t a t ion .  This method 

can be a p p l i e d  t o  gaging s t a t i o n s  where sediment and wa te r  d i s c h a r g e  

measurements a r e  made regularly.  With the  f i n a l  graph the  sampling po in t s  

can be r e a d i l y  located f o r  any observed r i v e r  stage. I f  major changes i n  

t h e  r i v e r  c r o s s  s e c t i o n  t a k e  p l a c e ,  it may be necessa ry  t o  r e v i s e  t h e  

graph, but  minor channel changes w i l l  have an inappreciable e f f e c t  on the  

accuracy of t h i s  procedure. 

- 
No. of 

sampling 
po in t s  

2 
4 
6 
8 

1 0  
12  
1 4  

Cumulat ive d i s c h a r g e  - p e r c e n t  of t o t a l  

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

25 75 
12 38  62 88 
8 25 42 58 75 92 
6 19  31 44 56 69 81 94 
5 15  25 35 45 55 65 75 85 95 
4 12 21 29 38 46 54 62 71 79 88 96 
4 11 18 25 32 39 46 54 61 68 75 82 89 96 

C 



The sampling p o i n t s  can be spaced t r a n s v e r s e l y  and v e r t i c a l l y  a t  t h e  

same t ime t o  r e p r e s e n t  s e c t i o n s  of equa l  d i scharge .  I f  t h e  samples a r e  

t a k e n  by t h e  d e p t h - i n t e g r a t i o n  method o r  i f  t h e  s ampl ing  p o i n t s  a r e  

l oca t ed  i n  t h e  v e r t i c a l  by t h e  equal-discharge method and t h e  same number 

of equa l  volume samples a r e  taken  i n  each v e r t i a a 1 , a l l  t he  samples i n  t h e  

c ros s  s e c t i o n  m y  be combined f o r  ana lys i s .  The camposite sample w i l l  be 

r e p r e s e n t a t i v e  no t  on ly  of t h e  avel-age sediment concent ra t ion  bu t  a l s o  of 

t h e  average s i z e  d i s t r i b u t i o n  of  t h e  sediment load. 

18. Methods of computing suspended sediment c  oncent ra t  ion--Several 

d i f f e r e n t  methods have been used t o  compute t h e  concen t r a t ion  o f  sediment 

i n  a water-sediment mixture. I n  e a r l y  s t u d i e s  t h e  concen t r a t ion  was de- 

te rmined  b y  measur ing  t h e  volumk o f  s o l i d s ,  b u t  t h i s  method is seldom 

used t o d a y  because  t h e  v a r i a t i o n s  i n  p a r t i c l e  s i z e ,  shape ,  and compo- 

s it ion make volumetr ic  measurements very  un re l i ab l e .  The weight of s o l i d s  

is now g e n e r a l l y  used i n  t h e  de te rmina t ion  of sediment concent ra t ion ,  ex- 

pressed  e i t h e r  a s  d r y  s o l i d s  weight p e r  u n i t  volume of sample o r  a s  t h e  

r a t i o  of  d ry  s o l i d s  weight t o  sample weight. It i s  bel ieved t h a t  t h e  b e s t  

r e s u l t s  w i l l  be ob ta ined  when c o n c e n t r a t i o n  is expres sed  a s  a  r a t i o  of  

t h e  weight of  d r y  s o l i d s  t o  water-sediment sample. This  r a t i o  c a n  be ex- 

p re s sed  e i t h e r  a s  a  pe rcen t  o r  i n  p a r t s  p e r  mi l l i on .  The we igh t  r a t i o  

exp res sed  i n  one o f  t h e s e  u n i t s  can  be r e a d i l y  t r a n s f e r r e d  t o  t h e  o t h e r  

by t h e  r e l a t i o n s h i p  1 percent  equals  10,000 p. p.m. 

The weight r a t i o  method of exp res s ing  sediment c  oncent ra t  ion which 

has  t h e  advantage  of be ing  non-dimensional ,  i s  i n  g e n e r a l  u se  i n  t h i s  

count ry  and i n  f o r e i g n  coun t r i e s  a s  wel l .  Non-dimensional r a t i o s  a r e  a l s o  

commonly used i n  s a n i t a r y  and water-works p rac t i ce .  
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There a r e  t h r e e  v a r i a t i o n s  of the  weight r a t i o  method of determining 

sediment concent ra t  ions : 

(1) weight of d ry  s o l i d s  d iv ided  by the  weight of t he  en- 
t ire water-sediment sample, 

(2)  weight of d r y  s o l i d s  d iv ided  by the  weight of water i n  
t h e  water-sediment sample, 

(3) weight  of d r y  s o l i d s  d i v i d e d  b y  t h e  weight  s f  p u r e  
wa te r  equal  i n  volume t o  t h a t  of t h e  sample, 

Although t h e  f i r s t  method is g e n e r a l l y  used,  s i t u a t i o n s  rimy a r i s e  ~ h e r r :  

t h e  c a l c u l a t i o n s  would be expedi ted by t h e  second o r  t h i r d  method;partfe-  

u l a r l y  t h e  t h i r d  s i n c e  it permi ts  t h e  volume of t he  water-sediment mi.x.- 

t u r e  t o  be measured i n  t h e  f i e l d  and thus  e l i m i n a t e s  e r s o r s  which wouSd 

be in t roduced  by evapora t ion  be fo re  t h e  sample is analysed.  The graphs  

shown i n  Fig. 10 may be used t o  conver t  t h e  r e s u l t s  obtained by t h e  s e c -  

ond and t h i r d  methods t o  t h e  b a s i s  o f  t o t a l  sample weight.  & sho.ssfl 1.. 

t h e  upper graph ,  d i f f e r e n c e s  between t h e  f i r s t  method and. t h e  o t h e r  l i ju 

a r e  n e g l i g i b l e  a t  1 ,000 p.p.m. and even a t  9.0,000 p, paw,  t h e y  do  not  o x -  

ceed 1 percent .  

19. Frequency of sampling--The purpose f o r  trtlich a sedjrnent inve5- 

t i g a t i o n  i s  conducted ,  t h e  budget a v a i l a b l e  f o r  the program, and c h a i -  

a c t e r i s t i c s  of t h e  s t r eam and i t s  sediment  l oad  w i l l  Lo a  3 -a~ge  exten-i; 

determine t h e  schedule and frequency of sampling, Some sediment i nves t  i- 

g a t i o n s  a r e  conducted t o  develop long-term reco rds  of Lhe sediment d . i s - -  

charge  of  s t r e a m s  w h i l e  o t h e r  i n v e s t i g a t i o n s  o f  a r e s e a r c h  n a t u r e  a r e  

conducted p r i m a r i l y  t o  compile d a t a  and informat ion  ~ e g a r d i n g  t h e  sed i - -  

ment c h a r a c t e r i s t i c s  of streams i n  generpal. A long-term s e d i m n t  measuye- 

men% program w i l l  r e q u i r e  l e s s  f r e q u e n t  sampl ing  than  a  more i n t e n s i v e  
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research project ,  p a r t i c u l a r l y  a f t e r  the  stream has been under observation 

f o r  a s u f f i c i e n t  l eng th  of time t o  determine t he  c h a r a c t e r i s t i c s  of i t s  

sediment load and water discharge. The cost  of a sampling program is one 

of the most important f ac to rs ,  o f ten  the  con t ro l l ing  one, i n  determining 

t h e  frequency of sampling. The most d e s i r a b l e  sampIing frequency from 

o ther  s tandpoints  o f ten  involves expenditures in excess of the ava i l ab le  

funds. 

Fluctuat ions  of water  discharge and seaiment concentrat ion a r e  the  

most important stream cha rac t e r i s t i c s  t o  be cons idered in  determining the  

optimum frequency of sampling. The f l u c t u a t i o n  of water  d i scharge  o f  

a stream and the v a r i a t i o n  of sediment concentra t ion a r e  t o  a l a rge  ex- 

t e n t  influenced by the same fac to rs ,  mainly the cl imatic,  hydrologic, and 

topographic fea tu res  of t he  drainage area. The amount, d i s t r i b u t  ion and 

i n t e n s i t y  of p r ec ip i t a t i on ,  the  degree of v a r i a t i o n  of temperature, t he  

s i z e ,  shape, and topography of the  drainage a rea ,  and its s o i l ,  geology 

and vegeta l  cover a r e  f a c to r s  which a f f e c t  t h e  quan t i ty  of sediment pro- 

duct ion. Heavy, in tense  p r e c i p i t a t i o n  u sua l l y  produces an increase  i n  

stream flow and sediment concentrat  ion. Drainage basins of f r i a b l e  s o i l  

w i th  l i t t l e  v e g e t a l  cover produce high sediment concen t ra t  ions dur ing  

f loods  and, the re fore ,  l a rge  va r i a t i ons  of concentra t ion between normal 

and f lood flows. 

During flood periods both the  stream discharge and the  sediment con- 

c en t r a t i on  change very rap id ly  on small streams and, therefore ,  frequent 

sampling is required.  For example, in  Coon Creek (8) i n  Wisconsin, with 

a drainage a rea  of 77 square miles ,  it was found t h a t  90 percent of t h e  

t o t a l  sediment load f o r  15 months was discharged wi thin  a period of 1 0  



days, o r  2.2 percent  of t h e  time. A s i m i l a r  cond i t i on  was found i n  West 

Ta rk io  Creek, Missouri .  On t h e  b a s i s  of d a t a  g iven  i n  r e p o r t  No. 1, it 

may be s t a t e d  t h a t  t he  above examples a r e  probably t y p i c a l  of most small 

s t r e a m s .  I n  most of t h e  s t r e a m s  i n v e s t i g a t e d ,  ove r  10 p e r c e n t  of  t h e  

sediment load  passed i n  l e s s  than  0.2 percent  of t he  time. 

On l a r g e  a s  w e l l  a s  on s m a l l  s t reams t h e  g r e a t e r  p a r t  of t h e  t o t a l  

w a t e r  d i s c h a r g e  o c c u r s  d u r i n g  f l o o d  p e r i o d s  a l t h o u g h  f lood  c o n d i t i o n s  

occupy a  r e l a t i v e l y  sml l  p a r t  of t h e  t o t a l  time. In  genera l  t h e  g r e a t e r  

p a r t  o f  t h e  annua l  sediment l oad  is a l s o  c a r r i e d  dur ing  t h e  f l o o d  p e r i -  

ods. The sediment d ischarge  i n  t h e  Missouri  River  a t  Kansas C i t y  v a r i e s  

about  ae  t h e  2.16 power of  t h e  d i s c h a r g e  and i n  t h e  lower Colorado n e a r  

Yuma, Ar izona ,  a s  t h e  1.86 power. These t y p i c a l  examples i n d i c a t e  t h e  

importance of f r equen t  observa t ions  du r ing  f loods  , even i n  l a r g e  r i v e r s .  

It has been found t h a t  both t h e  water  d i s c h a r g e  and t h e  sediment concen- 

t r a t i o n  changes more r a p i d l y  on a  r i s i n g  t h a n  on a  f a l l i n g  s t age .  There- 

f o r e ,  samples  should  be t aken  more f r e q u e n t l y  on t h e  r i s i n g  s i d e  of t h e  

hydrograph t h s n  a f t e r  t h e  c r e s t  is passed. 

I n  a  sediment i n v e s t i g a t i o n  conducted s o l e l y  t o  determine t h e  t o t a l  

sediment  d i s c h a r g e  of a s t ream, sampling could  be timed s o  a s  t o  r e p r e -  

s e n t  e q u a l  amounts of  sediment  d i s c h a r g e  i n  somewhat t h e  same way t h a t  

sampl ing  v e r t i c a l s  a r e  spaced a c r o s s  a s t r e a m  t o  r e p r e s e n t  e q u a l  w a t e r  

d i s c h a r g e s  a s  desc r ibed  i n  S e c t i o n  17. Where t h e  v a r i a t i o n  i n  sed iment  

concen t r a t  ion w i t h  s t a g e  has been determined approximately, t he  f requency  

o f  sampling can  be prescr ibed  a s  a  func t ion  of s tage .  For example, if on 

t h e  average t h e  sediment d i scha rge  a t  a  10-foot  s t a g e  is twice a s  g r e a t  

a s  t h a t  a t  a  7-foot s t a g e ,  samples should be taken  twice a s  o f t e n  a t  the  
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h igher  s t a g e .  It may be d e s i r a b l e  t o  t ake  measurements dur ing  low water  

somewhat more f r equen t ly  t h a n  t h i s  schedule would ind ica t e ,  a t  l e a s t  un- 

t i l  t h e  v a r i a t i o n  of  c o n c e n t r a t i o n  w i t h  r e s p e c t  t o  s t a g e  i s  w e l l  e s t a b -  

1 i s  hed. 

20. Determinat ion of long per iod  sediment  d i scha rge  of s t reams--  

The engineer  i s  f r equen t ly  confronted wi th  t h e  problem of determining t h e  

t o t a l  sed iment  d i s c h a r g e  of  a  s t r e a m  on which on ly  a  l i m i t e d  number o f  

sediment o b s e r v a t i o n s ,  o r  none a t  a l l ,  have been made. Where t h e r e  a r e  

n e i t h e r  sediment observat ions nor  continuous reccrds  of s t ream d i scha rge ,  

t h e  bes t  approach i s  t o  f i n d  d a t a  from sediment discharge measurements o r  

r a t e s  of  r e s e r v o i r  f i l l i n g  on s t r e a m s  w i t h  c o n d i t i o n s  a s  n e a r l y  l i k e  

those  of t h e  s t ream i n  ques t ion  a s  poss ib l e .  This method does not  provide 

a  conclus ive  s o l u t i o n  and should  be used o c l y  i n  l i e u  of a  b e t t e r  a l t e r -  

na t ive .  

A r eco rd  of s t ream discharge  of cons ide rab le  du ra t ion  t o g e t h e r  w i t h  

some sediment  o b s e r v a t i o n s  w i l l  enhance t h e  e s t i m a t e  of sediment  d i s -  

charge t o  a marked degree. A l l  a v a i l a b l e  sediment samples should be cor- . 

r e l a t e d  w i t h  cor responding  wa te r  d i scha rge  o r  s t a g e ,  and t h e  most plau-  

s i b l e  r e l a t i o n s h i p  app l i ed  t o  t h e  record  of s t r eam discharge  o r  s t a g e  t o  

d e r i v e  a  sed iment  d i s c h a r g e  hydrograph f o r  t h e  pe r iod .  Although t h i s  

method l eaves  much t o  be d e s i r e d ,  t h e r e  i s  o f t e n  no s a t i s f a c t o r y  a l t e r n a -  

t i v e .  The sediment-water d i scharge  r e l a t i o n  may vary t o  some e x t e n t  w i th  

t h e  seasons  i n  which case  t h e  c o r r e l a t i o n  f a c t o r  should be ad jus t ed  ac -  

c o r d i n g l y .  I f  t h e  e s t i m a t e  i s  f o r  an  i n t e r v a l  e x t e n d i n g  ove r  s e v e r a l  

y e a r s ,  the.  work could  be e x p e d i t e 6  by p r e p a r i n g  a  f low-dura t ion  curve .  

From t h i s  curve  and t h e  r e l a t i o n s h i p  between sed-iment c o r c e n t r a t  ion  and 



w a t e r  d i s c h a r g e  a  d u r a t i o n  cu rve  of  sediment  d i s c h a r g e  is  c o n s t r u c t e d  

which p r o v i d e s  t h e  in fo rma t ion  n e c e s s a r y  t o  compute t h e  t o t a l  sediment  

d ischarge  f o r  t h e  period. 

The a c c u r a c y  of t he  d u r a t i o n  curve method desc r ibed  above w i l l  de-  

pend on t h e  r e l a t i o n s h i p  between t h e  observed sediment d ischarge  and t h e  

w a t e r  d i s c h a r g e .  I f  t h e  observed p o i n t s  p l o t  n e a r l y  on a  s i n g l e  cu rve  

t h e  r e s u l t s  can be assumed Lo be reasonably accura te .  I f  t he  p o i n t s  s c a t -  

t e r  badly o r  a r e  few i n  number,so t h a t  a  good average curve cannot be de- 

termined, t h e  probable accuracy is indica ted  by the  degree of u n c e r t a i n t y  

i n  t h e  l o c a t i o n  of t h e  average l i n e ,  These s ta tements  app ly  only  t o  t h e  

e s t ima te  of t h e  t o t a l  sediment d ischarge  over  a  long period of t ime,  I f  a  

long record  of water  d i scharge  is not a v a i l a b l e  t o  e s t a b l i s h  a n  a c c u r a t e  

f l ow-dura t ion  cu rve ,  t h i s  method should no t  be used. Since it has been  

shown t h a t  t h e  r e l a t i o n  between sediment  d i s c h a r g e  and wa te r  d i s c h a r g e  

i s  l e s s  v a r i a b l e  f o r  c o a r s e  t h a n  f o r  f i n e  sed imen t s ,  t h i s  method w i l l  

p robably  g ive  more accu ra t e  r e s u l t s  on r i v e r s  c a r r y i n g  coa r se  sed iments  

t han  o r  t h o s e  where the  sediment i s  most ly f i ne .  

Data on t h e  t u r b i d i t y  of a  s t r e a m  can  sometimes be ob ta ined  from 

records  of c i t y  water-supply p l a n t s  ad jacent  t o  t he  stream. I f  some s e d i -  

nen t  measurements have been made on t h e  s t r e a m  under s tudy ,  an approx i -  

mate r e l a t i o n  between t u r b i d i t y  and c o n c e n t r a t i o n  can  be worked out  t o  

determine t h e  sediment d i scha rge  of t h e  stream. I f  no sediment measure- 

ments a r e  a v a i l a b l e ,  t he  t u r b i d i t y  records  may be eompared w i t h  t h o s e  of 

ad j acen t  s t r eams  on which sediment measurements have been made. The e s -  

t i m a t e  of sed iment  d i scha rge  obta ined  from t h e s e  d a t a  w i l l  p robably  be 

undependable but  may s u f f i c e  i n  a n  emergency. 
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With adequate  sediment and water  d i scha rge  da t a  a v a i l a b l e ,  a c c u r a t e  

hydrographs of sediment concen t r a t  ion  and water  d i scharge  can be d e t e r -  

mined. The product of t he  concen t r a t ion  and discharge o rd ina t e s  of t h e s e  

cu rves  p l o t t e d  i n  t h e  same manner w i l l  show t h e  v a r i a t i o n  of  s ed imen t  

d ischarge  w i t h  r e s p e c t  t o  time. An a c c u r a t e  e s t ima te  of t he  t o t a l  s e d i -  

ment t r a n s p o r t e d  can  then  be determined by computing the  a r e a  under  t h e  

curve of t h e  sediment discharge hydrograph. 

21. Miscellaneous notes  on sampling procedure--The budget a v a i l a -  

b l e  f o r  a  sediment program w i l l  t o  a  l a r g e  e x t e n t  determine the  scope of 

t h e  p r o j e c t ,  t h e  procedure, and t h e  pe rmis s ib l e  sampling frequency. Ac- 

curacy and ref inement  i n  sediment d i scha rge  d a t a  u s u a l l y  can be obta ined  

o n l y  a t  cons i d e r a b l e  expense. However, t h e  importance of o b t a i n i n g  a t  

l e a s t  some b a s i c  d a t a  on t h e  s t r eam under cons ide ra t ion  should be empha- 

s ized .  Although t h e  r e s u l t s  obtained from these  da ta  may be cons iderably  

i n  e r r o r ,  t h e y  w i l l  g ene ra l ly  be b e t t e r  t han  those  based e n t i r e l y  on d a t a  

f o r  o t h e r  s t reams.  That t h e  sediment concen t r a t  ion may vary  wide ly  from 

one s t r e a m  t o  a n o t h e r  is e v i d e n t  from t h e  f o l l o w i n g  comparison. The 

Gasconade R ive r  a t  Rich Fountain,  Missour i ,  c a r r i e s  a n  average sediment  

load of about  0.0076 percent  while  t h e  Rio Grande a t  San b r c i a l  c a r r i e s  

about  1.42 pe rcen t ,  o r  200 t imes a s  much. Thus, without  l o c a l  d a t a ,  it 

i s  poss ib l e  t o  make a n  e r r o r  of s e v e r a l  hundred percent i n  e s t ima t ing  t h e  

sediment l o a d  of a  stream. The e r r o r  may be s i g n i f i c a n t l y  reduced w i t h  

only a  few f i e l d  measurements and t h e  Improved accuracy w i l l  u s u a l l y  jus-  

t i f y  t he  c o s t  of sampling. 

Stream f low d a t a  must be obta ined  f o r  any d e t a i l e d  suspended s e d i -  

ment s tudy .  I f  no gaging s t a t i o n  is maintained a t  t h e  d e s i r e d  p o i n t  on 
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t h e  s t r e a m  one shou ld  be e s t a b l i s h e d .  While it is p o s s i b l e  t o  o b t a i n  

wa te r  d i scha rge  and sediment d i scha rge  measurements a t  t he  same t ime,  a s  

a  p r a c t i c a l  m a t t e r  i t  is b e t t e r  t o  have a n  e s t a b l i s h e d  r a t i n g  curve and 

v e r t  i c a l  ve loc  i t y  curve f o r  t h e  s t a t  ion. Furthermore, it i s  imposs i b l e  

t o  make a  r e l i a b l e  e s t i m a t e  f o r  t h e  long- t e rm sediment  d i s c h a r g e  of  a 

s t ream without  accu ra t e  s t ream flow da ta .  

Apparent ly ,  t h e  most popu la r  method o f  o b t a i n i n g  i n s t a n t a n e o u s  o r  

p o i n t - i n t e g r a t e d  samples c o n s i s t s  i n  l o c a t i n g  t h e  sampling p o i n t s  i n  t h e  

v e r t i c a l  a t  t h e  s u r f a c e ,  mid-depth, and bottom. However, t h i s  method i s  

not  recommended. I n  the  absence of a  d e t a i l e d  s tudy  such a s  t h a t  under- 

t aken  by D r .  S t r aub  f o r  t h e  Missouri  ~ i v e r ,  t h e  Luby method of sampling 

a t  p o i n t s  of  equa l  d i scharge  i s  recommended. I f  a  r e p r e s e n t a t i v e  sample 

of t h e  s i z e  d i s t r i b u t i o n  a s  w e l l  a s  t h e  c o n c e n t r a t i o n  is d e s i r e d ,  a t  

l e a s t  f i v e  p o i n t s  i n  each v e r t i c a l  should be sampled. A s i x t h  sample n e a r  

t h e  bot tom of t h e  s t r eam may be neces sa ry  f o r  s i z e  a n a l y s i s  purposes i f  

an  apprec iab le  amount of m a t e r i a l  l a r g e r  t han  1/16 mm. is present .  

Although t h e  v e r t i c a l s  can  be l o c a t e d  a t  t h e  q u a r t e r  p o i n t s  a c r o s s  

t h e  s t r eam and good r e s u l t s  ob ta ined  when t h e  sediment c o n c e n t r a t i o n  is 

weighted w i t h  r e spec t  t o  t he  water  d i scha rge , the  v e r t i c a l s  can  be l o c a t e d  

t o  b e t t e r  advantage a t  po in t s  of equa l  d i scharge  by t h e  method d e s c r i b e d  

i n  Sec t ion  17. The number of v e r t i c a l s  t o  be used is a  ma t t e r  of judgment 

and depends on s u c h  f a c t o r s  a s  t h e  w i d t h  o f  t h e  s t r e a m  and s t r e a m  bed 

condi t ions .  

A g r e a t  d e a l  of  work is involved  i n  o b t a i n i n g  sediment  d i s c h a r g e  

measurements, The c o s t  i n  t ime and e f f o r t  e n t a i l e d  i n  sampling, ana lyz-  

ing ,  and computing t h e  average c o n c e n t r a t i o n  and e s p e c i a l l y  t h e  average  
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grading of sediment by poin t  sampling methods i n  m n y  ins tances  cannot be 

j u s t i f i e d .  On t h e  o t h e r  hand, w i th in  t h e i r  p rescr ibed  l i m i t s  of dep th  and 

v e l o c i t y  t h e  improved d e p t h - i n t e g r a t i n g  samplers  developed i n  t h i s  pro-  

j e c t  w i l l  ob t a in  i n  a  s i n g l e  sample f o r  each  v e r t i c a l  a  r e p r e s e n t a t i v e  o r  

average va lue  f o r  b o t h  concen t r a t  ion  and s i z e  grading.  Thus t h e  amount 

of work requi red  f o r  a  sediment d ischarge  measurement is g r e a t l y  reduced 

i n  both the  f i e l d  and labora tory .  
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IV.  C-CTERISTICS OF SUSPENDED SEDIMENT S@I;ERS 

22. Types of suspended sediment samplers--Considerable thought  and 

ingenu i ty  have been expended i n  t h e  development of instruments f o r  sampl- 

ing  f l u v i a l  sediment. More than  65 ve r s ions  of so-ca l led  suspended s e d i -  

ment samplers a r e  descr ibed i n  Report No. 1. Although these  samplers were 

developed independently by var ious  i n v e s t i g a t o r s ,  many of them a r e  s i m i l a r  

b o t h  i n  d e s i g n  and manner of ope ra t ion .  They can  be c l a s s i f i e d  by  t h e  

fol lowing s i x  gene ra l  types : 

a. V e r t i c a l  pipe. - 

b. Instantaneous v e r t i c a l .  - 

c. Instantaneous ho r i zon ta l .  - 

d. Bot t le .  - 

5. In tegra t ing .  

f .  Pimping. - 

A sampler wi th  a  v e r t i c a l  c y l i n d e r  o r  pipe f o r  t he  sample c o n t a i n e r ,  

no t  designed t o  obta in  a n  instantaneous sample, i s  c l a s s i f i e d  a s  a  v e r t i -  

c a l  p i p e  sampler .  As t h e  sampler  i s  lowered t o  t h e  d e s i r e d  dep th ,  t h e  

water-sediment mixture flows upward through the  sample conta iner ,and  when 

t h e  lowering is s topped,  va lves  a t  e i t h e r  end of t he  pipe c l o s e  of  t h e i r  

own weight and t h e  sample is trapped.  While t h e  s i m p l i c i t y  of d e s i g n  has 

been the  r ea son  f o r  ex tens ive  use of t h i s  type  i n  t he  pas t ,  many adve r se  

sampling c h a r a c t e r i s t i c s  have p r a c t i c a l l y  e l imina ted  it from c u r r e n t  use.  

Besides t he  obvious d i f f e r e n c e  i n  t h e  sampling period of a n  i n s t a n -  

taneous  v e r t i c a l  sampler and a n  o r d i n a r y  v e r t i c a l  p ipe  sampler ,  t h e  in-  

s tan taneous  sampler ob ta ins  a  specimen from a s m a l l e r  p a r t  of t he  v e r t i -  
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c a l  a f t e r  t h e  s ample r  i s  lowered t o  t h e  sampl ing  p o i n t .  A messenger  

weight  dropped  down t h e  s u s p e n s i o n  l i n e  r e l e a s e s  t h e  sample c y l i n d e r  

which f a l l s  o r  is forced down by a  sp r ing  t o  a  f l a t  p l a t e .  Instantaneous 

v e r t i c a l  samplers a r e  designed t o  minimize the  d is turbance  of flow i n  t h e  

sampling zone. 

An i n s t a n t a n e o u s  h o r i z o n t a l  t r a p  sampler  c o n s i s t s  of a  h o r i z o n t a l  

c y l i n d e r  equipped w i t h  end va lves  which can  be c losed  suddenly t o  t r a p  a  

sample a t  any d e s i r e d  t ime and depth.  Water is allowed t o  pass  t h rough  

t h e  h o r i z o n t a l  c y l i n d e r  a s  t h e  sampler  is  lowered t o  t h e  d e s i r e d  depth .  

The h o r i z o n t a l  t r a p  sampler is  widely used i n  present  i nves t iga t ions .  The 

p r i n c i p a l  advantages of t h i s  type  of  sampler a r e  t h e  r e l a t i v e  s i m p l i c i t y  

of des ign  and ope ra t ion ,  t h e  a b i l i t y  t o  sample c l o s e  t o  t h e  s t r eam bed, 

and t h e  wide range  o f  a d a p t a b i l i t y  t o  sha l low and deep  s t r eams  of  a l l  

v e l o c i t i e s .  

The most r e a d i l y  improvised sampling device  f o r  sediment i nves t  iga-  

t i o n s  c o n s i s t s  of  a n  o r d i n a r y  mi lk  b o t t l e ,  f r u i t  j a r ,  o r  o t h e r  s t a n d a r d  

c o n t a i n e r  w i t h  t h e  n e c e s s a r y  p r o v i s i o n s  f o r  l o w e r i n g  t o  t h e  sampl ing  

po in t .  The b o t t l e  type  sampler  i s  provided w i t h  an  en t r ance  va ry ing  i n  

s i z e  from about  1 / 4  in .  i n  d i ame te r  up t o  t h e  f u l l  opening o f  t h e  con- 

t a i n e r .  A i r  w i t h i n  t h e  b o t t l e ,  d i sp l aced  by t h e  incoming sample, escapes 

through t h e  in t ake  opening and thus  produces a  bubbling a c t i o n  a t  t h e  en- 

t r ance .  Because of t h e  time r equ i r ed  t o  f i l l  t he  sampler and because of 

t h e  a i r  bubbles which escape through the  i n t a k e , b o t t l e  samplers a r e  o f t e n  

r e f e r r e d  t o  a s  s low- f i l l i ng  o r  bubbling s arnplers. 

The con ta ine r  of a n  i n t e g r a t i n g  sampler is f i l l e d  s lowly  and cont in-  

uously ove r  a  period of t ime ranging  from about 10  t o  60 sec.  An impor- 
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tan t  f ea tu re  of most of the in tegrat ing samplers, dist inguishing them from 

the ordinary b o t t l e  samplers, is that the intake and a i r  exhaust tubes a r e  

separated. Thus the escaping a i r  causes no disturbance t o  the inflow as 

the sampler is f i l l e d .  The in take tube o r  o r i f i c e  i s  pointed i n t o  t h e  

current s o  a s  t o  eliminate. change i n  d i r ec t  ion of the flow. 

In the  operat ioq of a pumping samples, the  water-sediment sample is 

sucked i n  through a pipe o r  hose, t h e  in take of which is  placed a t  t h e  

desired sampling point. By d i r ec t i ng  the  intake of the suct ion hose i n t o  

the cur ren t  and regu la t ing  the  intake ve loc i ty ,  the  operator can obta'n 

an d i s t u r b e d  sample representat ive of the sediment concentmtion a t  the  

sampling point. 

Suspended sediment samplers can be c l a s s i f i e d  a s  t o  t h e i r  mode of  

operation i n t o  instantaneous and in tegra t ing  samplers. Many samplers do 

not a c t u a l l y  qua l i fy  f o r  e i t h e r  c l a s s i f  i c a t i an  because t h e i r  design, sam- 

pl ing ac t i on ,  o r  method s f  operation e l imina te  them from the  ca tegor ies  

of t r ue  instantaneous o r  in tegra t ing  samplers. AE the name implies, the  

instantaneous sampler is designed t o  t r a p  a spec irnea o f  the  water-sedf- 

m n t  mixture pass ing  t he  sampling po in t  a t  a de s i r ed  i n s t an t .  On t h e  

other  hand, t h e  i n t eg ra t i ng  sampler t akes  the  sample over a n  extended 

period s o  a s  t o  obta in  e i t h e r  a specimen a t  a  point  i n  which the  momen- 

t a r y  f luc tua t ions  i n  sediment concentration are averaged or  a specimen i n  

a v e r t i c a l  i n  which the  concentrat ion a t  d i f f e r e n t  depths a r e  averaged. 

In tegrated samples a r e  obtained wi th  e i t h e r  a point-  in tegra t  ing sampler 

or a depth- in tegra t  ing sampler. 

Sampler development on t h i s  project  has been confined t o  the  in te-  

grat ing types. As a l l  of the  functions of the  instantaneous type cannot 



be performed by an  i n t e g r a t i n g  sampler, two instantaneous ho r i zon ta l  sam- 

p l e r s  c u r r e n t l y  used a r e  presented.  The Tennessee Val ley  Author it y  sam- 

Side  View 

Fig. 11--T. V. A. Sampler 

p l e r ,  shown i n  Fig. 11, 

has a  ho r i zon ta l  cy l -  

i n d e r  incased  i n  a  

s t r eaml ined  we igh t .  

Flap valves,  hinged t o  

Front  t h e  weight above the  
View 

ends of the c y l i n d e r ,  

a r e  he ld  open by a  

simple c a t c h  mechanism, and t h e y  a r e  r e l ea sed  by a  p u l l  on a n  a u x i l i a r y  

l i n e  t o  t r a p  the  sample. A s p r i n g  ex tending  through t h e  c y l i n d e r ,  sup- 

p l i e s  t h e  f o r c e  t o  hold the  va lves  closed.  While t h e  sampler has s u f f i -  

c i e n t  we igh t  f o r  o r d i n a r y  c o n d i t i o n s  i n  s h a l l o w  s t r e a m s  , add it i o n a l  

Sample chamber open S a m l e  chamber closed 
Fig. 12-- Tai t -Binkley Sampler 

weights may be used i f  des i r ed ,  

The Tai t -Binkley sampler,  shown in Fig, 12, c o n s i s t s  of t h r e e  meta l  



t u b e s  of e q u a l  d i a m e t e r  mounted c o a x i a l l y  a  s h o r t  d i s t a n c e  a p a r t  i n  a  

h o r i z o n t a l  meta l  frame. The middle tube mounted on bear ings  f o r  f r e e  ro- 

t a t i o n  about  i t s  a x i s  is connected t o  t he  two r i g i d l y  mounted end c y l i n -  

d e r s  by s e c t  i ons  of  rubber  tub ing .  To t r a p  a sample t h e  middle s e c t  i o n  

i s  r o t a t e d  by a  p u l l  on a n  a u x i l i a r y  l i n e  wound around t h e  s e c t i o n .  The 

r e s u l t i n g  t w i s t  i n  t h e  rubber  connec t ing  s e c t i o n s  s e a l s  t h e  ends of t h e  

sample c o n t a i n e r  and t h e  sample is trapped. 

23. Some adverse f e a t u r e s  of sampling procedure--The flow l i n e s  a t  

t h e  intake of a  sampler m u s t  be undisturbed dur ing  t h e  sampling per iod  i n  

o r d e r  t o  o b t a i n  a  r e p r e s e n t a t i v e  sample. Many of  t h e  e x i s t i n g  sample r s  

a s  des igned  cause  d i s tu rbances  i n  t h e  f low c h a r a c t e r i s t i c s  a t  t h e  p o i n t  

o f  i n t a k e  throughout  t h e  sampling pe r iod ,  and i n  o t h e r s  b o t h  t h e  d e s i g n  

of t h e  sampler and the  m t h o d  of  ope ra t ion  a r e  such t h a t  t h e  flow charac-  

t e r i s t i c s  a t  t h e  p o i n t  of  in take  a r e  s e v e r e l y  d i s t u r b e d  a t  t h e  beginning  

of  t he  sampling opera t ion .  These adverse  f e a t u r e s  of sampling procedure 

a r e  d iscussed  i n  t h e  fol lowing paragraphs. 

Condit ions a t  t h e  mouth of a  sampler  m y  be r ep re sen ted  by t h e  f low 

p a t t e r n  of t h e  water -sed iment  s u s p e n s i o n  approach ing  and e n t e r i n g  t h e  

sampler.  Any d i s t o r t i o n  of t h i s  flow p a t t e r n ,  due t o  changes i n  v e l o c i t y  

o r  d i s tu rbances  s e t  up by t h e  sampler i t s e l f ,  w i l l  tend t o ,  s eg rega te  t h e  

sediment from t h e  water .  This tendency is due t o  t h e  d i f f e r e n c e  i n  den- 

s i t y  of t h e  sediment and the  water ;  t h e  sediment having t h e  g r e a t e r  den- 

s i t y  and i n e r t i a  responds l e s s  r a p i d l y  t h a n  t h e  wa te r  t o  f o r c e s  t e n d i n g  

t o  change i t s  motion. I n  t h e  o p e r a t i o n  of a  sediment  sampler  t h e  f low 

p a t t e r n  is o f t e n  d i s t u r b e d  i n  such  a  way t h a t  t h e  v e l o c i t y  i n  t h e  mouth 

o f  the sampler,  and f o r  some d i s t a n c e  upstream, i s  l e s s  t h a n  t h e  n a t u r a l  
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s t r e a m  v e l o c i t y .  This  c o n d i t i o n  is r e p r e s e n t e d  by t h e  sample f i l a m e n t  

d i v e r g i n g  i n  c r o s s - s e c t i o n a l  a r e a  and d e c r e a s i n g  i n  v e l o c i t y  a s  it ap-  

proaches t h e  mouth of t he  sampler a s  shown i n  Fig. 13. The sediment from 

STREAM LINES \ 

Fig. 13--Flow p a t t e r n  a t  mouth of sampler in take ,  
sampling r a t e  below normal. 

j u s t  o u t s i d e  t h e  b o r d e ~  of t h e  sample f i l a m e n t ,  d i v e r g i n g  l e s s  r a p i d l y  

t h a n  t h e  w a t e r ,  e n t e r s  t h e  mouth of t h e  sampler  a s  a n  excess .  For t h e  

converse c o n d i t i o n ,  i n  which the  v e l o c i t y  a t  t h e  mouth of t h e  sampler is 

g r e a t e r  t han  t h e  n a t u r a l  s t ream v e l o c i t y , t h e  sediment i n  t h e  sample f i l a -  

ment tends  t o  converge t o  a  l e s s e r  degree than  the  water ,  r e s u l t i n g  i n  a 

sample t o o  low i n  sediment concentrat ion.  

Experiments  d e s c r i b e d  i n  Report  No, 5 show t h a t  e r r o r s  r e s u l t i n g  

from sampl ing  r a t e s  below normal a r e  c o n s i d e r a b l y  l a r g e r  i n  magnitude 

than  e r r o r s  r e s u l t i n g  from comparable d e v i a t i o n s  i n  sampling r a t e s  above 

normal. These experiments ind ica ted  a l s o  t h a t  a s  t he  s i z e  of sediment in-  

c reased  above 0.06 mm. the  magnitude of t h e  e r r o r s  i n  sediment concentra-  

t ion increased rap id ly .  With a  sampling r a t  i o ,  intake v e l o c i t y  t o  s t r eam 

v e l o c i t y ,  of 0 .25  t h e  e r r o r  i n  sediment c o n c e n t r a t  ion was 8 pe rcen t  ex- 

ce s s  f o r  sediments of 0.06 mrn. d iameter  and 100 percent  excess  f o r  s e d i -  

ments o f  0 .45  rnm. d i ame te r .  It i s  impor t an t ,  t h e r e f o r e ,  t o  d e s i g n  t h e  

sampler  s o  a s  t o  o b t a i n  proper  e n t r a n c e  c o n d i t i o n s  e s p e c i a l l y  when t h e  



Sect ion 2 3  6 9 

sampler  i s  t o  be used in  s t reams c a r r y i n g  r e l a t i v e l y  c o a r s e  sed iments .  

Any slow-f i l l i n g  sediment sampler w i th  a  f ixed  volume con ta ine r  w i l l  

have a n  uneven r a t e  of f i l l i n g  on be ing  s u b j e c t e d  t o  a  pronounced p re s -  

s u r e  d i f f e r e n t i a l  between t h e  sampl ing  p o i n t  and t h e  a i r  i n  t h e  con- 

t a i n e r .  When the  sampler, i s  opened below the  water su r f ace ,  t h e r e  occurs  

a n  inrush  of t h e  water-sediment mixture ,  c a l l e d  i n i t i a l  in rush ,  which i s  

vo lume t r i ca l ly  a  func t ion  of t he  depth  of submergence. Both p re s su re  d i f -  

f e r e n t i a l  and f i l l i n g  r a t e  a r e  q u i c k l y  reduced a s  t he  a i r  i n  t h e  sampler  

i s  compressed,af ter  which period t h e  f i l l i n g  opera t ion  becomes t h e  normal 

a c t i o n  involving displacement of a i r .  The i n i t i a l  inrush period was found 

v, - v2 
R A T I O  OF I N I T I A L  INRUSH TO CHAMBER C A P A C I T Y -  - 

vi 

Fig. 1 4 - I n i t  i a l  i n rush  f o r  slow-f i l l i n g  samplers 

t o  be l e s s  than  1 sec.  i n  experiments descr ibed  i n  Report No. 5. I n  s t i l l  

water  t e s t s  on f i v e  d i f f e r e n t  des igns  t h e  observed i n i t i a l  i n r u s h  dev i -  

a t e d  l e s s  t han  1 percent  from the  t h e o r e t i c a l  curve shown i n  Fig. 14. For 

samplers w i th  f ixed  volume con ta ine r s ,  t h e  i n i t i a l  in rush  can  be e l i m i n a t -  

ed i f  t he  des ign  provides a  means of p re s su re  balance between t h e  a i r  i n  

t h e  con ta ine r  and t h e  hydros t a t i c  pressure  surrounding t h e  sampler. How- 

e v e r ,  none of t h e  e a r l i e r  des igns  provided f o r  t h i s  pressure  balance.  A 

p r e s s u r e  d i f f e r e n t i a l  between t h e  sampl ing  p o i n t  and t h e  c o n t a i n e r  can  



cause sampling e r r o r s  i n  the  fol lowing ways: 

a. The excess ive  sampling r a t e  d u r i n g  t h e  i n i t i a l  in- - 
r u s h  per iod  w i l l  tend t o  segrega te  sediment from the  water  r e -  
s u l t i n g  i n  a  sample t o o  low i n  concent ra t ion .  

b. With t h e  o p p o r t u n i t y f o r  a  r e l a t i v e l y l a r g e  po r t ion  
of  t h e  sample c o n t a i n e r  t o  be f i l l e d  i n  l e s s  t han  1 s e c . ,  t h e  
sample w i l l  n o t  r e p r e s e n t  t h e  mean sediment  c o n c e n t r a t i o n  a t  
t h e  sampling poin t .  

c. When t h e  sample is c o l l e c t e d  only  on the  upward t r i p  - 
i n  t h e  d e p t h - i n t e g r a t i o n  method, t o o  l a r g e  a  p o r t i o n  of  t h e  
t o t a l  sample w i l l  r ep re sen t  t h e  c o n c e n t r a t i o n  nea r  the  bottom. 

In  t h e  procedure  of t a k i n g  p o i n t - i n t e g r a t e d  samples t h e  open con- 

t a i n e r  is sometimes lowered r a p i d l y  t o  t h e  d e s i r e d  sampling po in t  i n  t h e  

b e l i e f  t h a t  t h e  sampler  w i l l  not f i l l  s u f f i c i e n t l y  i n  t h e  s h o r t  lowering 

t im t o  cause apprec i a b l e  e r ro r .  However, l a b o r a t o r y  experiments have in- 

dica- ted t h a t  t he  i n i t i a l  in rush  a t t a i n s  i ts  f u l l  e f f e c t  s u b s t a n t i a l l y  a s  

f a s t  a s  the  sampler can be lowered i n  t he  stream. Consequently, t h i s  pro- 

cedure should be used o n l y  i f  t h e  sampler  i s  designed t o  equa l i ze  au to-  

mat i c a l l y  t he  h y d r o s t a t i c  pressure.  

24. Improved des igns  of i n t e g r a t i n g  samplers--A thorough s t u d y  of 

e x i s t i n g  samplers  and t h e i r  sampling a c t i o n  was made by r e p r e s e n t a t i v e s  

of t h e  agencies  coopera t ing  on t h i s  p r o j e c t ,  and on t h e  b a s i s  of f i n d i n g s  

i n  t h i s  s tudy  improved forms of i n t e g r a t i n g  samplers have been developed. 

The p o i n t - i n t e g r a t i n g  type  of sampler would cover  t h e  g r e a t e s t  range of 

f i e l d  c o n d i t i o n s  i n  t h e  r o u t i n e  d e t e r m i n a t i o n  o f  sediment  d i s c h a r g e  i n  

s t reams.  However, t h e  i n i t i a l  c o s t  of t h i s  type of sampler was est imated 

t o  be c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  s i m p l e r  d e p t h - i n t e g r a t i n g  sampler .  

T h e r e f o r e ,  i t  was concluded t h a t  e x p e r i m e n t a l  models of  b o t h  t y p e s  of  

samplers  should be developed w i t h  a view t o  p rov id ing  p r a c t i c a l  and e f -  



FIG. 15 
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f i c i e n t  equipment f o r  a s  wide a  range of f i e l d  c o n d i t i o n s  a s  p o s s i b l e .  

The present  designs of the  dep th - in t eg ra to r s  developed by r e p r e s e n t a t i v e s  

of  t he  agencies  cooperat ing on t h i s  p r o j e c t  a r e  designated U. S. Sediment 

Sampler D-43 and D-47, whi le  t h a t  of t h e  p o i n t - i n t e g r a t o r  is des igna ted  

U. S. Sediment Sampler P-46. 

The s i m p l e r  of two D-43 samplers  is shown i n  Figs.  15 and 16. It 

c o n s i s t s  o f  a  c a s t  bronze s t r eaml ined  body w i t h  i n t e g r a l  h o r i z o n t a l  and 

v e r t i c a l  t a i l v a n e s .  The forward s e c t i o n  o r  head is hinged t o  provide ac-  

c e s s  t o  t h e  sample con ta ine r ,  a  p i n t  milk b o t t l e  which is in se r t ed  i n t b  a  

c y l i n d r i c a l  recess .  When t h e  head is l a t ched  t o  the  body of t h e  sampler,  

a sponge rubber  gaske t  on t h e  inne r  s u r f a c e  of t h e  head s e a l s  t h e  sample 

c o n t a i n e r  except  f o r  two tubes which connect t h e  con ta ine r  w i t h  t h e  ou t -  

s i d e  medium. One of t hese  Lubes p r o j e c t s  upstream i n  the  form of a n  in- 

t a k e  nozz le  which is made removable s o  t h a t  d i f f e r e n t  s i z e s  can be used 

t o  r e g u l a t e  t h e  r a t e  of f i l l i n g .  With an  o u t l e t  i n  t he  p r o j e c t i o n  on t h e  

s i d e  of t h e  head,  t h e  second t u b e  p rov ides  a  r e l e a s e  f o r  t h e  d i s p l a c e d  

a i r .  The sample c o n t a i n e r  is suppor t ed  i n  a n  i n c l i n e d  p o s i t  ion  i n  t h e  

body of t h e  sampler  I n  o rde r  t o  e l i m i n a t e  t h e  tendency t o  s p i l l  when it 

i s  n e a r l y  f u l l .  The D-43 sampler weighs about 50 pounds and can  be sus -  

pended from a  s tandard  cu r r en t  meter hanger bar.  

By means of  a s l i g h t  t a p e r  i n  t h e  i n t a k e  tube  and t r i a l  l o c a t i o n s  

f o r  t h e  exhaus t  t ube  agreement was ob ta ined  bethveen t h e  i n t a k e  v e l o c i t y  

and t h e  s t r ean ,  v e l o c i t y  a t  po in t  of i n t ake  a s  shown i n  Figs.  18 and 19. 

Thus t h e  sample f i l a m e n t  should be f r e e  from t h e  s e g r e g a t i n g  e f f e c t s  of 

curved s t r e a m l i n e s .  A s  t h e  sample i s  c o l l e c t e d  on bo th  t h e  descending  

and ascending  t r i p s ,  t he  maximum sampling dep th  is approximately 1 7  f e e t .  
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VELOCITY AT SAMPLING POINT-FT./ SEC. 

Fig. 1 8 - I n t a k e  c h a r a c t e r i s t i c s  of 
t he  D - 4 3  sampler ( labora tory  t e s t s )  

AVERAGE STREAM VELOCITY-FT. I SEC 

Fig. 19--Intake c h a r a c t e r i s t i c s  o f  
t h e  D - 4 3  sampler ( f i e l d  t e s t s )  

Fig. 20--U. S. poin t  - i n t e g r a t i n g  suspended sediment sampler,  P-46 



L i m i t a t i o n s  on t h e  lowering r a t e  and maximum sampling dep th ,  depending  

on nozz le  s i z e  and v e l o c i t y  d i s t r i b u t i o n  i n  t h e  v e r t i c a l ,  a r e  d i s c u s s e d  

i n  Report No. 6. 

The D - 4 3  s ample r  w i t h  a n  a u x i l i a r y  head is shown i n  Fig.  17. It 

d i f f e r s  from the  s imp le r  des ign  i n  t h a t  t h e  f i l l i n g  per iod  can be te rmi-  

nated a t  t h e  end of t h e  downward t r i p .  Upon contac t  w i th  the  s t ream bed 

a  t r i g g e r ,  c o n s i s t i n g  o f  a  f l a t  p l a t e  below t h e  body o f  the  sample r ,  

c l o s e s  t h e  in t ake  and a i r  exhaust passages.  A s  the  sampler f i l l s  on t h e  

downward t r i p  only, i ts  maximum sampling depth i s  about 34 f e e t .  

,, The p r e s e n t  p o i n t - i n t e g r a t i n g  sampler  i s  designed t o  accumulate  a  

water-sediment sample which i s  r e p r e s e n t a t i v e  of t h e  mean sediment con- 

c e n t r a t i o n  a t  any s e l e c t e d  po in t ,  and it is cons t ruc t ed  s o  t h a t  t h e  a i r  

p ressure  i n  t h e  con ta ine r  and the  e x t e r n a l  hydros t a t i c  head a r e  equal ized  

a t  a l l  depths .  The inrush ,  which o r d i n a r i l y  occurs  when t h e  in t ake  and 

a i r  exhaust a r e  opened below t h e  su r f ace  of the  stream, is thereby  e l i m i -  

na t ed .  P r e s s u r e  e q u a l i z a t i o n  between t h e  a i r  i n  t h e  c o n t a i n e r  and t h e  

outs ide  medium is achieved by the  use of the  d iv ing  b e l l  p r i n c i p l e .  

The body of t h e  U. S. po in t - in t eg ra t ing  sampler c o n s i s t s  e s s e n t i a l l y  

of a  s t r e a m l i n e d  c a s t  bronze s h e l l ,  a n  i n n e r  r e c e s s  t o  hold the  sample 

c o n t a i n e r ,  an  a i r  chamber having a  volume about  f i v e  t imes  t h a t  of t h e  

sample c o n t a i n e r ,  and a  tapered  r o t a r y  va lve  w i t h  an e l ec t ro -mechan ica l  

opera t ing  mechanism. The a i r  chamber and t h e  sample con ta ine r  a r e  i n t e r -  

connec ted  by means of t u b i n g  and a  pas sage  t h r o u g h  t h e  r o t a r y  v a l v e .  

When t h e  in t ake  and a i r  exhaust t ubes ,  which a r e  a l s o  c o n t r o l l e d  by t h i s  

va lve ,  a r e  c losed  p r i o r  t o  lowering the  sampler i n t o  a  s t ream,  t h e  pres -  

s u r e  e q u a l i z i n g  pas sage  i s  open. A s  t h e  s ample r  is  submerged, w a t e r  
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e n t e r s  t h e  a i r  chamber through a  permanent opening i n  t h e  bottom of t h e  

s h e l l ,  t h e r e b y  compressing t h e  a i r  i n  t h e  a i r  chamber and i n  t h e  sample 

con ta ine r .  The valve i s  d r iven  by a  f l a t  c lock  s p r i n g  and i s  c o n t r o l l e d  

-i-t f o r  t h ree  p o s i t i o n s :  (1) in take  and a i r  exhaust c lo sed ,  

equal iz ing  passage open; (2) intake and a i r  exhaust open, equa l i z ing  pas- 

s a g e  c l o s e d ;  (3) a l l  passages c lo sed .  A s o l e n o i d ,  ene rg i zed  by two o r  

more 6-vol t  l a n t e r n  b a t t e r i e s ,  is used t o  t r i p  t h e  escapement which i n  

t u r n  al lows t h e  valve t o  revolve from one p o s i t i o n  t o  t he  next. From t h e  

b a t t e r i e s ,  l oca t ed  on the  opera t ing  r i g ,  t h e  cu r r en t  flows through a  two- 

conductor  c u r r e n t  me te r  c a b l e  t o  t h e  so lenoid .  The po in t - in t eg ra t ing  

sampler of t h e  most r e c e n t  des ign ,  d e s i g n a t e d  U. S. P-46, weighs abou t  

100  pounds unsubmerged. D e t a i l s  of t h i s  sampler  a r e  shown i n  Figs.  2 0  

and 21. 

The P-46 sample r  is p r i m a r i l y  a  p o i n t - i n t e g r a t o r  bu t  can  be used  

a l s o  a s  a  depth- in tegra tor .  With t h e  va lve  i n  t h e  open p o s i t i o n  a  sample 

can be in t eg ra t ed  from the  su r f ace  t o  t h e  bottom and r e tu rn ,  o r  t h e  va lve  

can  be c losed  a t  t h e  bottom s o  t h a t  the  sample is taken only on t h e  down- 

ward t r i p .  The sampler  may a l s o  be lowered t o  t h e  s t r eam bed w i t h  t h e  

valve i n  t he  equa l i z ing  pos i t i on ,  t hen  opened, and the sample taken  on t h e  

ascending t r i p  only,  o r  t he  sampler may be used t o  i n t e g r a t e  any p o r t i o n  

of a  sampling v e r t i c a l .  Thus i n  extremely deep s t reams t h e  v e r t  i c a l  may 

be sampled e i t h e r  by the  poin t  method o r  b y  succes s ive ly  i n t e g r a t i n g  por- 

t i o n s  of t h e  v e r t i c a l .  A s  a  po in t  sampler  t h i s  ins t rument  can be used  

a l s o  i n  sampl ing  d e n s i t y  f lows  i n  r e s e r v o i r s .  By whatever  method t h e  

sampler is operated t h e  pressure  i n  t h e  c o n t a i n e r  and outs ide  h y d r o s t a t i c  

p r e s s u r e  a r e  a u t o m a t i c a l l y  ba lanced  and t h e  e f f e c t  of i n i t i a l  i n r u s h  
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is e l imina ted .  

The D-47 dep th - in t eg ra t ing  sampler d i f f e r s  from the  P-46 sampler i n  

t h a t  t h e  va lve  i s  des igned  t o  move only  once. Like t h e  P-46 it has a n  

a i r  p ressure  e q u a l i z a t i o n  chamber,the form and s i z e  shown i n  Fig. 20, and 

a  weight of about 100 pounds. Designed f o r  g r e a t e r  depths and v e l o c i t i e s  

t han  t h e  D-43 samplers ,  t h e  D-47 can  be used t o  sample on t h e  downward 

t r i p  o n l y  by c l o s i n g  t h e  va lve  a t  t h e  s t ream bed, o r  on t h e  upward t r i p  

only by opening t h e  valve a t  the  s t ream bed. 

25. Summary on sediment sampl.ers--The advantages of having a  sam- 

p l e r  t h a t  would meet t h e  requirements  of a l l  p o s s i b l e  s t r eam c o n d i t i o n s  

can be r e a d i l y  a p p r e c i a t e d .  A s  t h e  a t t a i n m e n t  of such  a  d e s i g n  seemed 

imposs i b l e  t h e  fo l lowing  requirements r e l a t e d  i n  p a r t i c u l a r  t o  i n t e g r a t -  

i n g  t y p e s  were kept  i n  mind du r ing  t h e  sampler  development d i scussed  i n  

preceding  paragraphs. This l i s t  w i l l  a l s o  s e r v e  t o  i n d i c a t e  weaknesses 

of some of t h e  present  u n s a t i s f a c t o r y  types.  

5 The v e l o c i t y  w i th in  the  c u t t i n g  c i r c l e  of t he  in take  
should be equa l  t o  t he  s t ream ve loc i ty .  

b. The i n t a k e  should  be po in t ed  i n t o  t h e  qpproaching 
flow and should pro t rude  upstream from t h e  zone of d i s tu rbance  
caused by t h e  presence of t h e  sampler. 

c. The sampler should f i l l  smoothly without sudden in- - 
r u s h  o r  gulping. 

d. The sample c o l l e c t e d  a t  a  po in t  should not  be con- 
taminated by water  o r  sediment accumulated p r i o r  o r  subsequent 
t o  sampling. 

e .  The volume o f  t h e  sample shou ld  be s u f f i c i e n t  t o  - 
s a t i s f y  t h e  l a b o r a t o r y  requi rements  f o r  t he  de t e rmina t ion  of 
concent ra t  ion and s  i ze  a n a l y s i s .  

f .  The sampler should be adap tab le  f o r  use  i n  s t reams - 
of any dep th  and f o r  sampling a t  any des i r ed  depth. 
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g. The sampler should be s t r eaml ined  and of s u f f i c i e n t  
weight t o  avoid excessive drag. 

h. The sampler should be of simple des ign  and y e t  s u f -  
f  i c i e n z y  rugged t o  minimize t h e  need f o r  r e p a i r s  i n  t he  f i e l d .  

i. The sample c o n t a i n e r  should be removable and s u i t a -  - 
b l e  f o r  t r a n s p o r t a t  ion  t o  t h e  l a b o r a t o r y  wi thout  l o s s  of any 
of t he  contents .  

. The sample c o n t a i n e r  should be t r a n s p a r e n t  s o  t h a t  
t he  degree of s e t t l emen t  can be observed. 

k. The cos t  of the sampler should be a s  low a s  poss ib le  
cons i s t e n t  wi th  good des ign  and performance. 

As no des ign  has been evolved thus  f a r  which has been s a t i s f a c t o r y  

f o r  t ak ing  both  instantaneous and in t eg ra t ed  samples, t he  engineer  should  

cons ide r  t h e  l i m i t a t i o n s  of each  type.  The p r i n c i p a l  disadvantage o f  a n  

i n s t a n t a n e o u s  sampler  l i e s  i n  t h e  number of samples t h a t  must be t a k e n  

f o r  a  de t e rmina t ion  of t h e  mean c o n c e n t r a t  ion  i n  a  v e r t i c a l  o r  t h e  mean 

concen t r a t  ion  a t  a  po in t  when t h e  concen t r a t  ion  f l u c t u a t e s  widely. An- 

o t h e r  d i sadvan tage  l i e s  i n  t h e  n e c e s s i t y  of t r a n s f e r r i n g  t h e  sample t o  

ano the r  c o n t a i n e r ,  inasmuch a s  none of  t h e  p r e s e n t  t ypes  has a d e t a c h -  

ab l e  sample con ta ine r .  Also t h e r e  is t h e  p o s s i b i l i t y  t h a t  sediment w i l l  

d e p o s i t  i n  t h e  c o n t a i n e r  of a  h o r i z o n t a l  t r a p  sampler  whi le  t h e  w a t e r -  

sediment mix tu re  is allowed t o  pass  t h rough  t h e  c o n t a i n e r  p r i o r  t o  t h e  

t a k i n g  of a n  ins tan taneous  sample. I n t e g r a t  ing samplers a r e  l i m i t e d  i n  

t h e i r  ope ra t ion  t o  r e l a t i v e l y  slow f i l l i n g  r a t e s .  Accordingly, t he  p r e s -  

e n t  t y p e s  of i n t e g r a t i n g  samplers  cannot  be used f o r  t h e  d e t e r m i n a t i o n  

of t h e  instantaneous concent ra t ion  a t  a  po in t  i n  a  stream. 

The most important  a p p l i c a t i o n  of  t h e  in s t an t aneous  sampler  is i n  

t he  i n v e s t  i g a t  ion  o f  sediment load  p u l s a t i o n s .  However, such  i n v e s t  i- 

ga t ions  a r e  o r d i n a r i l y  made only  i n  s p e c i a l i z e d  phases of r e s e a r c h  work 
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and, t h e r e f o r e ,  c o n s t i t u t e  a  minor p a r t  of t h e  suspended sediment f i e l d .  

The p r i n c i p a l  r ea son  f o r  ob ta in ing  suspended sediment samples i s  t o  de- 

termine t h e  mean sediment concen t r a t ion  a t  a  po in t  o r  i n  a  v e r t i c a l .  It 

is though t  t h a t  t h e  i n t e g r a t i n g  samplers  developed i n  t h i s  coopera t  i ve  

s tudy  w i l l  be found more e f f e c t i v e  f o r  t h i s  purpose than  o the r  samplers  

i n  t h e  m a j o r i t y  of c o n d i t i o n s  encountered .  It i s  recognized ,  however, 

t h a t  u n t i l  d i r e c t  comparisons of t h e  b e s t  forms of t h e  va r ious  types  of 

samplers a r e  made under a  wide range of c o n d i t i o n s ,  conc lus ive  proof of 

t h e  s u p e r i o r i t y  of one type over another  w i l l  b e  lacking. 
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V. MEASUREMENTS OF BED- LOAD MOVEmNT AND BED-MATERIAL 

26. The measurement of bed-load movement--Fluvial sediment inves-  

t i g a t i o n s  a r e  u s u a l l y  conf ined  t o  measurement and a n a l y s i s  of t h e  SUS-  

p n d e d  sed imen t  l o a d ;  a s  a  r u l e  t h e  r a t e  of  bed-load movement is  n o t  

masu red .  I n  t h e  absence of such  measurements any e s t i m a t e  of bed-load 

mvement must of n e c e s s i t y  be based on some l e s s  d i r e c t  method. The em- 

phasis  laced on measurement of the  suspended sediment load appears  t o  be 

j u s t i f i e d  because t h e  medium of t r a n s f e r  of t h i s  p a r t  of t h e  t o t a l  s e d i -  

ment load c o n s t i t u t e s  the  major p o r t i o n  of t h e  depth of t he  stream,where- 

as t h e  zone of bed-load movement is u s u a l l y  r e l a t i v e l y  t h i n .  However, 

the amount of sediment t r anspor t ed  a s  bed-load may be a  s i g n i f i c a n t  p a r t  

of t h e  t o t a l  sediment load due t o  t h e  h ighe r  concen t r a t ions  i n  t h e  bed- 

load zone. 

The r a t e  of bed-load movement i n  s t r eams  has been determined from 

samples obtained by means of bed-load samplers,  by t r a p s  w i t h  f ixed  s l o t s  

located i n  t h e  s t ream bed, o r  i n d i r e c t l y  from measurements of d e p o s i t s  i n  

a  downstream r e s e r v o i r .  Samples taken from a  r e s e r v o i r  depos i t  w i l l  have 

ma te r i a l  from both the  suspended sediment load and t h e  bed-load, bu t  t h a t  

pa r t  of t h e  d e p o s i t  which t r a v e l e d  a s  bed-load can  be es t imated  from t h e  

propor t ion  of p a r t i c l e s  which a r e  l a r g e r  t h a n  t h e  maximum s i z e  found i n  

suspension i n  t h e  flowing s tream. From t h e k r a t e  a t  which t h e  r e s e r v o i r  

depos i t  bu i ld s  up, t he  r a t e  of bed-load movement can be computed. 

Making use of t h e  f i x e d - s l o t  method, t h e  S o i l  Conservat ion Se rv i ce  

has cons t ruc t ed  a t  Greenv i l l e ,  South Caro l ina ,  a n  e l a b o r a t e  appara tus  t o  

m a s u r e  t h e  r a t e  of bed-load t r a n s p o r t a t i o n  i n  t h e  Enoree River.  Views 
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of the  measuring appara tus  a r e  shown i n  Fig. 22. The e n t i r e  width of t h e  

r i v e r  bed f o r  a  l e n g t h  of about 100 f t .  i s  paved wi th  concrete .  Near t h e  

lower end of t h i s  pavement t he  r i v e r  i s  d iv ided  i n t o  14 sub-channels ,  5 

f t .  wide. Bed-load m a t e r i a l  d rops  i n t o  t h e  sub-channel  s l o t s  t h r o u g h  

s l i d i n g  doors  and is pumped through a  pipe beneath t h e  f l o o r  t o  a  hopper 

on the  bank. In  t he  hopper t h e  bed-load s e t t l e s  and the  waste water  flows 

over a  s p i l l w a y  c r e s t .  This appara tus  has been used by the  S o i l  Conser- 

va t ion  Service t o  o b t a i n  continuous records  of bed-load movement (4) .  

2 7. - - In  t h e  a v a i l a b l e  l i t e r a t u r e  on bed-load 

samplers d e s c r i p t i o n s  were found of twenty- one d i f f e r e n t  des igns ,  a l l  of 

which have been developed s i n c e  1898. Bed-load samplers can be c l a s s  i f  i e d  

acco rd ing  t o  t h e i r  d e s i g n  o r  p r i n c i p l e  o f  o p e r a t i o n  i n t o  t h r e e  t y p e s :  

baske t ,  pan, and p re s su re -d i f  fe rence .  The r a t e  of bed-load movement i s  

determined from t h e  amount t rapped  pe r  u n i t  time i n  a  sampler l o c a t e d  a t  

one o r  more po in t s  ac ros s  t he  s t ream bed. 

The f i r s t  and+ probably  t h e  most commonly used type  of sampler  con- 

sists of a  baske t  o r  box which is g e n e r a l l y  made of mesh m a t e r i a l .  I n  

most d e s i g n s  of  t h i s  t y p e  t h e  u p s t r e a m  end h a s  a  permanent  o p e n i n g  

through which t h e  water-sediment  mlxture  pas ses .  In  t h e s e  d e s i g n s  t h e  

mesh m a t e r i a l  should pass t he  suspended sediment load but r e t a i n  t he  bed- 

load. Considerable d i f f i c u l t y  has been experienced w i t h  t h e  baske t  t ype  

sampler because of t h e  tendency  toward a forward motion a s  t h e  sampler  

s e t t l e s  i n t o  t h e  s lower moving water  near  the bed. Because of t h i s  f o r -  

ward motion t h e  sampler  might remove some m a t e r i a l  from the  s t r e a m  bed. 

Q1 t h e  o t h e r  hand, t h e  presence  of t h e  sampler  causes  a n  i n c r e a s e d  ye- 

s i s t a n c e  t o  flow and a  lower ing  of t h e  v e l o c i t y  upstream from t h e  Sam- 
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p l e r .  The decreased in t ake  v e l o c i t y  causes 

some of t h e  bed-1oad.movement t o  s t o p  be- 

f o r e  t h e  m a t e r i a l  r e a c h e s  t h e  s a m p l e r .  

The baske t  sampler  made by t h e  Swiss Fed- 

e  r a l  A u t h o r i t y  f o r  Wate r  U t i l i z a t i o n ,  

shown i n  Pig. 23, is probably the  most ex- 

t e n s i v e l y  developed of any sampler of t h i s  

t y p e .  4 t  c o n s i s t s  of a p r i s m a t i c  s t e e l  

frame. 70 by  30  b y  100 cm., inc losed  on t h e  

Fig. 23--Sampler used by  t o p  and t h r e e  s i d e s  w i t h  s c reen  and on t h e  
the  Swiss Fede ra l  Author- 
i ty. bo t tom w i t h  l o o s e l y  in te rwoven r i n g s  of 

meta l  which a r e  s i m i l a r  t o  t h e  m a i l  formerly used a s  defensive armor. The 

sample r  i s  lowered i n  a t i l t e d  p o s i t i o n  t o  avo id  d i g g i n g  o f  t h e  bed a t  

SAMPLING DURATION IN MINUTES 

Fig. 24--Eff iciency of Swiss sampler a s  a  func t ion  of sampling 
d u r a t i o n  and r a t e  of bed-load movement. 
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t h e  sampler e n t r a n c e ,  and it r e s t s  on t h e  s t r eam bed w i t h  t h e  r i n g  mesh 

conforming t o  t h e  shape of t h e  bed. A f t e r  t h e  sampler  is r a i s e d  it i s  

emptied through a  hinged f l a p  on the  downstream s i d e .  The e f f i c i e n c y  of 

t h i s  sampler  a s  de te rmined  by t h e  Swiss F e d e r a l  A u t h o r i t y  was found t o  

v a r y  w i t h  t h e  r a t e  of  bed - load  movement and t h e  sampl ing  d u r a t i o n  a s  

shown i n  Fig. 24. 

Pan type samplers ,  which have been used most e x t e n s i v e l y  i n  Russ ia ,  

a r e  u sua l ly  wedge-shaped i n  l ong i tud ina l  s e c t i o n ,  and they  a r e  loca-bed on 

t h e  s t ream bed w i t h  t h e  po in t  of t he  wedge c u t t i n g  t h e  cu r r en t .  Fig. 25 

, TRANSVERSE PARTITIONS 

SECTION 

Fig .  25--Polyakov sampler .  

shows a  Russ ian  d e s i g n  known a s  t h e  Polyakov sampler .  I n  t h i s  s ample r  

t h e  downstream end of t h e  pan i s  d iv ided  by t r a n s v e r s e  s t r i p s  of metal .  

The bed-load moves a l o n g  t h e  t o p  of t h e  pan and it is  t r a p p e d  i n  t h e  

t r a n s v e r s e  s l o t s .  S ince  pan t y p e  samplers  a l s o  cause  o b s t r u c t i o n s  t o  

s t ream flow, t h e i r  e f f i c i e n c y  should be determined. The Polyakov sampler 

was c a l i b r a t e d  i n  a  flume i n  which t h e  t r u e  r a t e  of bed-load movement w a s  

determined from t h e  amount t rapped a t  t he  end of t he  flume. The e f f i c i e n -  

c y  of t h e  Polyakov sampler  was found t o  be 46 pe rcen t  i n  t e s t s  made by  

G. I. Shamov, who concluded t h a t  t h e  low e f f i c i e n c y  was due mainly t o  t h e  

i n c l i n e d  s u r f a c e  l e a d i n g  t o  t h e  en t rance .  Mounds of m a t e r i a l  formed on 

t h e  i n c l i n e d  s u r f a c e ,  and a l though some m a t e r i a l  r o l l e d  over  t h e  mounds 

i n t o  t h e  sampler, o the r  g ra ins  r o l l e d  i n  a  t r a n s v e r s e  d i r e c t  ion away from 
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t h e  s t r e a m  c a r r i e s  s u c h  g r e a t  q u a n t i t i e s  of  o r g a n i c  m a t e r i a l  t h a t  a  

s c r e e n  t e n d s  t o  p lug  up d u r i n g  t h e  sampling p e r i o d ,  s e p a r a t i o n  must be 

based on t h e  p r i n c i p l e  of l o c a l  v e l o c i t y  reduct  ion. 

The box o r  baske t  type  sampler i s  t he  only one adaptable  f o r  use i n  

mountainous s t reams c a r r y i n g  coa r se  g r a v e l  ma te r i a l .  It i s  t h e  s m a l l e s t  

type  f o r  g iven  en t r ance  cond i t i ons ,  t h e r e f o r e ,  t h e  l e a s t  cumbersome, but  

i t  has t h e  d i s a d v a n t a g e  of c r e a t i n g  c o n s i d e r a b l e  back p r e s s u r e  which 

causes  t h e  slow-moving bottom l a y e r s  t o  be d e f l e c t e d  around t h e  sampler  

but  only r e t a r d s  t h e  quick-f lowing upper l aye r s .  f i n e  m a t e r i a l  

c reeping  a long  the  ba$tom (low r a t e  of t r a n s p o r t a t i o n )  i s  de f l ec t ed ,wh i l e  

t h e  same s i z e  m a t e r i a l  moving by s a l t a t i o n  (high r a t e  of t r a n s p o r t a t i o n )  

is  more r e a d i l y  t rapped.  

The pan t y p e  samplers  seem t o  be b e s t  s u i t e d  f o r  bases  which have 

comparat ively smooth sand beds and on which a  slow r a t e  of bed-lwd move- 

ment occurs w i t h  a l l  t h e  movement concent ra ted  i n  t h e  bottom l a y e r .  For 

sandy beds t h e  p re s su re -d i f f e rence  type of sampler  seems t o  be , t h e  most 

s a t i s f a c t o r y ,  e s p e c i a l l y  when t h e  en t rance  s e c t i o n  is sma l l  and the  frame 

f l e x i b l e  enough t o  ensure  a  snug f i t  aga ins t  i r r e g u l a r i t i e s  of t he  bed. 

The f i n a l  s e l e c t i o n  of t h e  type  most a p p l i c a b l e  t o  t h e  p a r t i c u l a r  

cond i t i ons  i n  a g iven  s t r eam can be based only  on a  thorough c a l i b r a t i o n  

t e s t  d u p l i c a t i n g  a l l  condi t ions  of t he  r i v e r  a s  c l o s e l y  a s  poss ib le .  This 

c a l i b r a t i o n  is n e c e s s a r y  because t h e  e f f i c i e n c y  of a  g i v e n  sampler may 

change cons iderably  wi th  the  g r a i n  s i z e ,  r a t e  of t r a n s p o r t a t i o n ,  e t c .  It 

must t h e r e f o r e  be emphasized t h a t  t h e  c a l i b r a t i o n  of t he  t r a p  is a lmost  

a s  important  as  t h e  measurements themselves,  r e g a r d l e s s  of t h e  type  of 

sampler t h a t  is used. Only c a r e f u l l y  performed bed-load measurements can  
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be expected t o  f u r n i s h  r e l i a b l e  r e s u l t s .  

29. Bed-material  samplers--hihterial  of t h e  s t r eam bed n i y  be com- 

posed of d e p o s i t s  of  sediment  which have 

been  c a r r i e d  i n  s u s p e n s i o n  o r  a l o n g  t h e  

s t ream bed o r  it may even cons is t of a  re-  

s idual .  Bed-material  samplers ,  which a r e  

used t o  o b t a i n  samplers  of t h i s  m a t e r i a l ,  

have been grouped i n t o  t h r e e  c l a s s e s :  d rag  

Fig. 2%-Simplif i ed  Rock bucket,  v e r t i c a l  pipe o r  cy l inder ,and  grab 
I s l and  Sampler. 

bucket 

The d r a g  bucket ,  which is t h e  most common of t h e  t h r e e  types,  con- 

s i s t s  of a  weighted bucket o r  c y l i n d e r  w i t h  a  c u t t i n g  edge. While be ing  

dragged along tbe  s t ream bed, t h e  bucket c u t s  

a l a y e r  of m a t e r i a l  u s u a l l y  1/2 t o  2 in. i n  &ze ' I 
t h ickness .  The sampler  may have a  weighted 

c e n t r a l  s tem a s  shown i n  Fig. 28. The weight 

i s  used t o  keep t h e  s t em a t  a  more o r  l e s s  

c o n s t a n t  d i s t a n c e  from t h e  s t r e a m  bed s o  

t h a t  t h e  sampled d e p t h  w i l l  be  f a i r l y  con- 

s t a n t .  A f t e r  t h e  sample is c o l l e c t e d  i n  a  

d r a g  bucket,  some of t h e  f i n e r  m a t e r i a l  m y  

be l o s t  i n  t r a n s i t  t o  t h e  water  su r f ace  be- 

cause of exposure t o  t he  cu r r en t .  

I n  t h e  c l a s s  i f  i c a t i o n  of v e r t i c a l  pipe 

samplers a r e  pipe,  cy l inde r ,  and cone-shaped 
Fig. 29--Pipe sampler use 

c o n t a i n e r s  which  a r e  f o r c e d  o r  s e t t l e  of i n  I m p e r i a l  Va l l ey  Canals .  
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t h e i r  own weight  i n t o  t h e  s t r eam bed. Sampled m a t e r i a l  may be h e l d  i n  

t he  conta iner  by check valves o r  by a  p a r t i a l  vacuum. The vacuum p r i n c i -  

p l e  is used i n  t h e  o p e r a t i o n  of t h e  v e r t i c a l  p ipe  sampler shown i n  Fig. 

29. A f t e r  t h e  sampler  has  been f o r c e d  i n t o  t h e  s t r e a m  bed t o  a d e p t h  

equa l  t o  t h e  l e n g t h  of  t h e  lower p i p e ,  t h e  handle  (ending i n  t h e  cone 

s e c t i o n )  is f i l l e d  w i t h  wa te r  and capped, t hus  forming a  p a r t i a l  vacuum 

when t h e  sampler pipe is withdrawn. A v e r t i c a l  p ipe  sampler which must be 

forced i n t o  t h e  s t r e a m  bed is obv ious ly  l e s s  adap tab le  t o  deep t h a n  t o  

shallow streams. 

The grab bucket type  is s i m i l a r  t o  butsmal l -  

e r  t h a n  t h e  c l a m s h e l l  bucket  used i n  ea r thwork  

operat ions.  The cupped jaws of t h e  grab bucket,  

on reaching t h e  s t r e a m  bed, may be c losed  e i t h e r  

by a  p u l l  on an a u x i l i a r y  l i n e  o r  b y  a n  automatic  

s p r i n g  arrangement. A disadvantage i n  t he  opera- 

t i o n  of t h i s  type c o n s i s t s  i n  t h e  p o s s i b i l i t y  of 

l a r g e  p a r t i c l e s  becoming caught i n  t h e  jaws w i t h  

t h e  r e s u l t  t h a t  some of t h e  f i n e  m a t e r i a l  might 

Fig. 30--Ross Grab escape. The automatic  s p r i n g  arrangement is used 
Bucket . 

i n  t h e  sampler shown i n  Fig. 30. 

30. F u t u r e  research--The developmental  phase of t h e  c o o p e r a t i v e  

s t u d y  has been conf ined  t o  t h e  f i e l d  of  suspended sediment;  it has no t  

included t h e  measurement of bed-load o r  bed m a t e r i a l ,  o r  t he  development 

of new types  of ins t ruments  f o r  such  measurements. This .  does not  neces- 

s a r i l y  mean t h a t  bed-load problems have been considered unimportant. In- 

s t ead ,  t h e  problems r e l a t e d  t o  t h e  measurement of suspended load appeared 
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t o  be more urgent  because of t h e  preponderance of  s t u d i e s  i n  t h a t  f i e l d .  

It is recognized t h a t  i n  some l o c a l i t i e s  t he  q u a n t i t y  of  sediment t r a n s -  

por ted  i n  s t reams a s  bed-load and t h e  r e l a t e d  e n g i n e e r i n g  problems out -  

weigh those  of suspended sediment.  Where sediment of any  kind plays an  

important p a r t  i n  t h e  development o r  r e g u l a t i o n  of a  s t ream,  t h e  r o l e  of 

bed-load movement should  be g iven  cons i d e r a t  ion. It is apparent ,  t h e r e -  

f o r e ,  t h a t  t h e  comple te  s o l u t i o n  of t h e  v a r i o u s  phases  of  t h e  f l u v i a l  

s e d i m n t  problem demands f u r t h e r  i n v e s t i g a t i o n  of t h e  c h a r a c t e r i s t i c s  of 

bed-load, and it is probable t h a t  improvements a r e  necessary  i n  the  tech-  

n i q u e s  and equipment  used i n  making q u a n t i t a t i v e  measurements  of t h e  

r a t e s  of t r a n s p o r t a t  ion. 
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